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Abstract

A major fraction of the soft X-ray diffuse background (SXDB) below ~1 keV is considered to
be produced by hot components of the interstellar medium (ISM) at our neighborhood and in
or around our Galaxy. However, limited by the insufficient energy resolutions of the previous
instruments, the structure of the hot phase ISM has not been understood well, in spite of the
long observation history since the early discovery in 1970’s. The superior energy resolution
and well-understood background of Suzaku below 1 keV offer new approaches to investigation
of the SXDB. In this thesis, we present the X-ray observations with Suzaku for 16 fields which
are apart from local Galactic emission structures, such as North Polar Spur and Cygnus
supperbubble, together with two additional fields previously analyzed by other authors.
After carefully removing the contamination from the Geocoronal solar wind charge exchange
(SWCX), the O viI emission intensities of all the observation fields were determined with
small systematic errors. The intensities were in the rage of ~ 2 — 9 photons s~ cm =2 str—?
(LU). The O viiI emission were also detected from most of the fields (from < 0.6 LU upper
limit to 4 LU). The O viI line emission shows and intensity floor at ~ 2 LU, and the high
latitude O vIIT emission shows a tight correlation with excess of O VII emission above the
floor. The correlation was well approximated with the relation, (O VIII intensity ) ~ 0.5 x(
(O viI intensity ) - 2 LU). This suggests that line-of-sight averaged temperature of the excess
component has a narrow distribution around k7" = 0.2 keV. We consider that the intensity
floor of O viI (~ 2 LU) arises from the Heliospheric SWCX with some small contribution
from the local hot bubble (LHB), since the floor intensity is consistent with that of other
observational direction in which the mean free path of O VvII is shorter than several hundred
pc. The excess O viI emission (2-7 LU) is likely to arise from more distant part of our
galaxy = transabsorption emission (TAE). In order to consistently explain the observed
spectra in 0.4 - 1 keV range, it was found that we need to assume high (2-3 solar) Fe and
Ne abundances, or a higher temperature (k7" = 0.6 — 0.9 keV) component for four fields.
The R45-band counting rates expected form the Suzaku best-fit models were statistically
consistent with the counting rate of ROSAT All Sky Survey map. The upper limit difference
was 17 x 107% s7! aremin=2. This places an upper limit of 2 LU for the difference between
the Heliospheric SWCX O viI emissions during solar maximum (ROSAT) and solar minimum
(Suzaku). The constant apparent temperature of the TAE is consistent with the thick hot
disk model. However, the hot gas must be very patchy because of the large field-to-field
intensity variation. The total bolometric luminosity of the TAE component were estimated
to be ~ 1 x 10% erg s7!, assuming a cylindrical and plane-parallel distribution of the hot
gas with a Galactocentric radius of 10 kpc and the vertical scale height of 2.8 kpc, and a
temperature of 0.2 keV. This is within the range of luminosities observed in halo of some
nearby normal galaxies. The hot gas must be heated or supplied within the radiative cooling
time scale of 0.5 G years. The specific temperature, kT = 0.2 keV, of the TAE component
may be related to the virial temperature of our Galaxy.
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Chapter 1

Introduction

In the diffuse background emission from radio to gamma ray bands, early rockets observations
followed by the SAS-3, HEAO-1, and ROSAT all sky surveys (RASS) showed that the whole
sky is shining much more brightly in the 0.1 — 1 keV X-ray band than could be explained
by the extragalactic background seen at higher energies. It was gradually realized that this
is produced by previously unsuspected hot components of the interstellar medium (ISM)
at our neighborhood and in or around our Galaxy. Now we recognize the central role of
these hot phases of the ISM in feedback control of star formation and the life cycles of the
elements. The creation of elements within stars is rather well understood and their ejection
into the ISM by supernovae and other stellar processes only somewhat less so, but their
transport once they are in the ISM is nearly pure speculation. The first and most important
stage of this transport occurs within the hot plasma phases of the ISM, and it is indicative
of our current level of understanding of these that serious and well-respected ISM models
currently have filling factors for the hot gas ranging from 10% to 90%. This research field
was limited by the insufficient energy resolution of the RASS and the very small coverage of
high resolution observation by sounding rockets. The superior energy resolution and well-
understood background of Suzaku below 1 keV offer new approaches to investigate Galactic
diffuse emission where we are assisted by a detailed analysis of the emission lines, part of
which has been revealed to be charge-exchange process origin.

In this thesis, we will investigate the physical conditions and distribution of the hot ISM
in our Galaxy. As the tracer of hot ISM and indicator of the temperature we utilize emission
from O ions of two ionization states, O vil and O viil. O is the fourth most abundant
element in the universe following, H, He, and C. O viI and O VIII emissivity have peak at
kKT = 0.2 keV and kT = 0.3 keV, respectively. Therefore, these emission lines are most
important for the study of thermal emission of temperature in the range kT = 0.1 — 0.4
keV. The X-ray CCD camera on board Suzaku , the XIS, has a much better energy spread
function and much lower background below 1 keV than the X-ray CCD cameras on-board
Chandra and XMM-Newton . The back illuminated CCD (XIS1), in particular, has a high
efficiency in the energy range 0.4 to 1 keV. Both O vir and O VIII emission consist of plural
lines of fine structure. Although X-ray CCD cannot resolve the fine structures of lines, it
can separate emission from different elements and different ionization states.

Solar-wind charge exchange (SWCX) produces emission lines from EUV to soft X-ray, and
is recognized as one of the important ingredients in the EUV to soft X-ray diffuse background.
As we will show in Chapter 2, the SWCX induced X-ray emission originates from two distinct
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2 CHAPTER 1. INTRODUCTION

regions. We will try to remove one of the two emission components, Geocoronal SWCX
induced emission, as much as possible, utilizing the time variations correlated with the solar
wind flux and the relation between the Suzaku ’s sight line and the geomagnetic field which
reflects the interaction between the interplanetary and Earth’s magnetic fields.

This thesis consists of the following structure. Past observation of soft X-ray diffuse
background are reviewed in Chapter 2. Chapter 3 describe the instrumentation. In Chapter
4 and 5, we respectively explain the data reduction as well as the observed fields and present
the results of spectral analysis. The discussion and conclusion are given in Chapter 6 and 7.

In this thesis, errors are quoted at 90% confidence level in the text and tables, while they
are at 68% (1o) confidence level in the figures, unless otherwise described.



Chapter 2

Review

2.1 Properties of Interstellar Medium

In this section, we will briefly review the ingredients of interstellar medium. We owe most of
the contents in this section to the review paper by Ferriere (2001). All physical parameters
were rescaled for the galactocentiric distance of the sun R, = 8.5 kpc by Ferriere (2001).

2.1.1 Overview

About 10 — 15 % of the total mass of the Galactic disk is occupied by interstellarmatter,
which mainly exist in the Galactic plane, in particular, along the spiral arms. Interstellar
clouds, which has about half of interstellarmass and occupy ~ 1 — 2 % of its volume, can be
divided into three types: the dark clouds, which consist of very cold molecular gas (7' ~10-20
K), the diffuse clouds which are made of cold atomic gas (7" ~100 K) and the translucent
clouds, which contains both of molecular and atomic clouds. Between these clouds the rest
of interstellarmatter exists in three different forms: warm atomic(7" ~ 6000 — 10* K) , warm
ionized (T ~8000 K) and hot ionized (T ~ 10° K). The parameters of these interstellarmatter
is tabulated in Table 2.1. In the vicinity of Sun, the density of interstellarmatter varies
from ~ 1.5 x 1072° gem™ in the hot ionized to ~ 2 x 10720 — 2 x 107® gem ™3 in the
molecular regions. The space-averaged number density is about one hydrogen atom per
cubic centimeter. The chemical composition of interstellarmatter is considered to be close
to that inferred from the abundance measurements in the Sun, in other disk stars, and in
meteorites, which consists of 90.8 % by number (70.4 % by mass) of hydrogen, 9.1 % (28.1 %)
of helium, and 0.12 % (1.5 %) of heavier elements. However, a significant fraction of the
heavy elements are shown to be depleted by the observation of absorption line. About 0.5-
1 % of the interstellarmatter by mass is considered to be in the form of dust rather than
gas.
We summarize the different forms of interstellarmedium in the following sections.

2.1.2 Molecular gas

Hy molecules do not emit detectable electromagnetic signals except in extraordinary con-
ditions such as shocks, because they are symmetric and therefore have no electric dipole
moment. Instead, the rotational transition line of CO molecule , which is a J=1— 0 at a

3



4 CHAPTER 2. REVIEW

Table 2.1: Descriptive parameters of the different components of the interstellar gas.T is the temperature,
n is the true (as opposed to space-averaged) number density of hydrogen nuclei near the Sun, ¥ is the
azimuthally-averaged mass density per unit area at the solar circle, M is the mass contained in the entire
Milky Way and £ is the volume filling factor. Both ¥ and M include 70.4 % of hydrogen, 28.1 % of helium,
and 1.5 % of heavier elements. All values were rescaled to Re = 8.5 kpe. Table is extracted from Ferriere
(2001) and Cox (2005).

Component T n Yo M 13 <n>
K)  (em®)  (Mope?)  (10° My) (cm ™)
Molecular 10—20 102 —10° ~ 2.5 ~13-25 ~ 107 ~0.58
Cold atomic 50 — 100 20 — 50 ~ 3.5 } > 6.0 0.013 ~0.40
Warm atomic 6000 — 10* 0.2 —0.5 ~ 3.5 - 0.368* ~ 0.17
Warm ionized ~ 8000 0.2—-0.5 ~ 1.4 = 1.6 0.083 ~0.04
Hot ionized ~ 106 ~ 0.0065 ~0.46 ~ 0.003

& The sum of 0.194 for about 5000 K component and 0.174 for 8000 K.

radio wave length of 2.6 mm, is used as the main tracer of molecular interstellargas. The
horizontal distribution map of molecular cloud is dominated by the molecular ring peaking
at a Galactic radius R ~ 4.5 kpc and by two discrete features closely associated with 21-cm
spiral arms (Clemens et al., 1988). And the density of Hy in interarm regions is a factor of
~ 3.6 lower than in arms. In the outer Galaxy (R > Rg), the molecular surface density in
spiral arms is 13 times larger than that in interarm region, which indicate that the bulk of
the molecular gas belongs to the spiral arms. And beyond the solar circle, the Hy column
density averaged over azimuthal angle drops off rapidly.

For the vertical direction, most of the moleculer cloud exists in low galactic latitude,
i.e., along the Galactic plane, and the space averaged distribution of it can be expressed
by a Gaussian function. At R, the space-averaged number density of hydrogen nuclei in
molecular form is expressed as

7\ 2
()

with (n,,)(0) = 0.58 cm™® and H,, = 81 pc by Clemens et al. (1988). They modeled with
the observational fact that the FWHM of the moleculer layer , averaged over azimuthal
angle in 0° < [ < 90°, becomes larger with increasing radius as R"®® and has a value of
136+17 pc, which is consistent with a decreasing stellar mass surface density. On the other
hand, Bronfman et al. (1988) construct the axisymmetric model, using the Galactic data
in —90° < [ < 90° , which is independent of R and has a FWHM value of 120418 pc and
expressed as equation 2.1 with (n,,)(0) = 0.53 cm™® and H,, = 71 pc.

Molecular clouds are divided into two classes by mass: Giant complex with ~ 10° — 10°
Mg, and hydrogen number density ~ 100-1000 cm~3, and small dense cores 0.3 —10® M, and
hydrogen number density ~ 10* —10% cm=3. The moleculer clouds are bound by self-gravity,
therefore satisfy the virial balance, i.e., G M/R ~ o2 where M, R and ¢ are the mass, radius
and velocity dispersion of moleculer cloud, and G is gravitational constant.

(nm)(Z2) = (nm)(0) exp ) (2.1)
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Figure 2.1: Left: Column density of interstellarhydrogen through the Galactic disk and surface mass
density averaged over the Galactocentric azimuthal angle, as a function of Galactic radius R for the different
gas components. Solid line, triple-dot-dashed line and dashed line is contribution from molecular gas,
cold+warm atomic gas and ionized gas, respectively. Figure is taken from Ferriere (2001): Right: Space
averaged hydrogen number density as a function of z from the Galactic plane at the solar circle for the different
state of interstellargas: dashed line is contribution from molecular gas, dot-dashed line is contribution from
cold and warm atomic gas, dotted line is contribution from warm ionized gas and solid line is total of them.

The temperature of moleculer cloud measured by the intensity of CO emission line is
10 — 20 K. The thermal velocity calculated from it is smaller than observed velocity disper-
sion, therefore the turbulent motions is dominant in the pressure of moleculer cloud. This
temperature can be explained by the thermal balance between heating by cosmic rays and
cooling by moleculer line emission.

2.1.3 Cold and Warm atomic gas

One of the method of detecting the neutral atomic hydrogen is using Ly« transition in the
UV band. The number of Lya absorption line study revealed that H 1 is deficient in the
vicinity of the Sun. The cavity of H 1 is known as Local Hot Bubble (LHB) which is filled by
rarefied hot gas at ~ 10° K and spreads to a few hundred pc scale around the Sun. The H 1
cavity has a radius in the plane ~ 60 — 100 pc and a vertical extent from plane ~ 120 — 180.
Although Ly« is a useful tool for detecting neutral atomic hydrogen , it is not suited to map
the H 1 in galactic scale due to the absorption by interstellarmedium. The other detecting
method is tracing the 21 cm hyper-fine-structure transition line of hydrogen atoms in radio
band, which has the advantage of penetrating into the deep ISM and therefore can study
the outside of our galaxy.

In the radial direction, H 1 gas extends to more than 30 kpc from the Galactic center,
and the azimuthly averaged column density of it is characterized by a depression inside 3.5
kpc, a relatively flat through the solar circle, and out to ~ 14 kpc and exponential fall off
beyond 14 kpc(Diplas & Savage, 1991). However, the exponential fall off has an uncertainty
due to the poorly confidence of the shape of the rotation curve outside the solar circle.

In the vertical direction, the H 1 distribution is roughly uniform for 3.5 kpc < R < R
(Lockman, 1984). In this radial interval, the H 1 gas lies in a flat layer with a FWHM of
230 pc (almost twice the FWHM of the molecular gas at R,), and its space-averaged number
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density can be approximated by the sum of two Gaussians and an exponential tail:

(na)(Z) = (057 cm™) {0,70 exp [_( Z )2

127 pc
10.19 z_Y +0.11 1] (2.2)
ST 318 e S EPA TH03 pe '

(Dickey & Lockman, 1990). The thickness of the H 1 layer drops to < 100 pc inside 3.5 kpc
(Dickey & Lockman, 1990), and it grows more than linearly with R outside R, reaching
~ 3 kpc at the outer Galactic boundary (Diplas & Savage, 1991). Structure so-called warp,
which can be expected from the decrease of the vertical gravitation, is that the midplane of
the H 1 layer lies above the Galactic equatorial plane in 0° < [ < 180° , with a maximum
displacement of ~ 4 kpc, and below the Galactic plane in 180° < [ < 360° with a maximum
displacement of ~ —1.5 kpc

The emission and absorption spectra in the nearby direction is different: while the emis-
sion contains both the narrow peaks and broader feature, the absorption has only narrow
peaks. The interpretation of the difference is that the narrow peaks is produced by discrete
cold H 1 clouds ( 50 - 100 K ), and broad structure is due to warm H 1 gas (~ 6000 — 10* K
) that is widespread and does not show the detectable 21-cm absorption line. In the solar
neighborhood, the column density of cold and warm H 1 is shown to be almost same by the
comparison of absorption and emission line study. Outside the solar circle, H 1 is expected
to be mainly dominated by warm gas, as suggested by the 21-cm emission line distribu-
tion of face-on extra galaxy. From that hydrogen density in cold H 1 is estimated to be
~ 20 —50cm 3, which is two orders larger than that of warm phase, cold and warm phase of
interstellarmedium is roughly in the thermal pressure equilibrium. These two states of H 1
are generated by the process that once the atomic interstellargas is heated by the low energy
cosmic rays and cooled by the deexcitation of collisionally excited line of heavy elements for
a cold phase, and by La cooling at about 8000 K for warm phase, respectively(Field et al.,
1969).

2.1.4 Warm ionized gas

Around the massive stars such as O and B star, the H 11 region where hydrogen are fully
ionized by UV photon from the star is expanded to Stromgren radius described by the
number of ionizing photon from central star and the density of hydrogen and electron. The
equilibrium temperature of H 11 region is ~ 8000 K by the balance of photoelectric heating
and radiative cooling.

In H 11 region, the main radiative processes are radio continuum emission of bremsstrahlung
as the reaction of free electrons with Coulomb field by positive ions, and line emission in
radio, infrared and optical band due to the recombination of free electrons and hydrogen and
helium ions or to the deexcitation of collisionally excited ions. For the observation of warm
ionized medium, Ha transition line is most important which is the Balmer line from the
excited state n = 3.

Near the Sun, the space-averaged density of free electrons can be approximated by

7]

(n)(Z) = (0.015 em™?) exp (—Tp() +(0.025 cm ™) exp <— 90|OZ |pc> (2.3)
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(Reynolds, 1991), where the contribution from H 11 regions (first term) is taken from Manch-
ester and Taylor (1981), while the diffuse component (second term) relies on the midplane
density deduced from a limited sample of low-latitude pulsars by Weisberg et al.(1980) and
on the column densities toward newly-discovered pulsars inside high-|Z| globular clusters.
As Reynolds (1991) himself admitted, the exponential scale height of the extended compo-
nent in Eq. 2.3 may have been underestimated by up to a factor of 2, due to a probable
deficiency inside the Local Bubble in which the Sun is located.

2.1.5 Hot ionized gas

As shown in Table 2.1, about half of interstellar space is now believed to be occupied by hot
interstellar of 7'~ 10% K in volume. Existence of this hot component of interstellarmedium
was first recognized by the rocket observations in 1970’s to observe the soft X-ray diffuse
background (see Tanaka & Bleeker (1977), McCammon & Sanders (1990) for review).

In the following sections of this chapter, we will review the present understandings of the
soft X-ray diffuse background and the hot interstellar medium.

2.2 Soft X-ray Diffuse Background

In this thesis we use the word, the soft X-ray diffuse background (SXDB), to mean the
emission below ~ 1 keV which is spatially unresolved to individual sources. Above 2 keV,
unresolved X-ray emission is called the cosmic X-ray background (CXB). We now believe
that the most of the CXB comes from numerous faint extragalactic sources; active galactic
nuclei. With the deep observations of the Chandra and XMM-Newton observatories, about
80 % of the CXB has been actually resolved into point sources.

A certain fraction of the SXDB also comes from extragalactic faint sources which is just
an extension of the CXB to the lower energy range. However, the SXDB cannot be explained
just by the extension and the remaining emission is considered to consist of emission from
highly ionized ions, such as C v, O viri, O viir, Fe xvii, and Ne I1X, in solar neighborhoods,
in our Galaxy, and possibly in the intergalactic space.

2.2.1 Brief History: Early observations to spectroscopy with a
microcalorimeter

Existence of excess above the extension of the CXB was first noted by sounding rockets
experiments in 1970s. The observations were conducted by using proportional counters with
thin entrance windows and slats collimators. From these early observations, it was noted that
the intensity in the carbon band (C band), the energy band below the C K edge (284 eV) is
anticorrelated with Galacitc neutral hydrogen column density of the direction. Since the X-
rays in the C band are not transparent to the Galactic neutral medium, the anticorrelation
cannot be explained by the absorption of emission outside the bulk of Galactic neutral
medium. It was interpreted as an displacement of neutral matter by hot plasma; the solar
system is surrounded by a hot plasma of T~ 10° K, and in the directions in which the hot
plasma is more extended, the column density of the neutral matter is smaller (Tanaka &
Bleeker, 1977). The cavity was called the Local Hot Bubble (LHB, see Section 2.1.3).
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All sky maps of the SXDB have been made by several experiments: a University of
Wisconsin sounding-rocket survey (7° angular resolution, McCammon et al. (1983)), SAS-3
survey (4.5 °, Marshall & Clark (1984)), HEAO 1 map (3 °, Garmire et al. (1992)). The
most important map nowadays is the map by the ROSAT all sky survey (RASS , Snowden
et al. (1994, 1997)).

The RASS carried out in 1990 to 1991 by the ROSAT improved the angular resolu-
tion of the SXDB to ~ 12" by using an X-ray focusing mirror and a position sensitive
detector. Because of the high spatial resolution of the system (~ 1") point sources up to
4 x 107 Berg s7! em? in 0.47-1.21 keV band had been removed from the map.

The ROSAT all-sky survey (RASS) is designed to map the sky with high sensitivity for
the detection of discrete sources as well as diffuse background in the 0.1-2.4 keV band. This
survey was executed from July 1990 to Jan 1991 with the Position Sensitive Proportional
Counter of the X-ray telescope. In RASS, the space craft spun about an axis perpendicular
to the line of site once per orbital. The great circle on the sky which includes the ecliptic
poles was observed in each orbit because the satellite’s spin axis which is normal to the solar
panel lay in the ecliptic plane, within < 15° from the Sun-earth line. Figure 2.2 shows the soft
X-ray diffuse background maps by RASS in the 1/4 keV band (also known as the R12 band,
approximately equal to the C band) and 3/4 keV band (the R45 band and approximately
equal to M band), which are approximately 0.12-0.284 keV and 0.47-1.21 keV, respectively
(Energy response of ROSAT PSPC is shown in Figure 2.3), where the contribution of X-
ray point sources, long-term-enhancement (LTEs) by geocoronal solar wind charge exchange
(see Section 2.2.5.2), solar scattered X-ray and particle background are excluded as far as
possible.

The SXDB was clearly resolved into line emissions with the sounding rocket experiment
conducted by the Wisconsin and NASA /GSFC group (McCammon et al., 2002). The rocket
carried an X-ray microcalorimeter array operated at the cryogenic temperature of 60 mK.
The field of view the detector was confined by a collimator to the sky area of ~ 1 str shown
in Figure 2.2. By virtue of high energy resolution, the X-ray spectrum was resolved into
number of emission lines (Figure 2.4). Comparing the line intensities and the previous SXDB
and CXB observations, McCammon et al. (2002) estimated that about 40 % of the emission
in the ROSAT R45 band are the extragalactic continuum emission, i.e. the CXB.

2.2.2 Emission lines from hot gas

As shown in the bottom panel of Figure 2.4, there are many complex lines such as L-branch
in the energy range below the C K edge at 284 eV. On the other hands, in the energy
range between 0.3 - 1 keV, there are Ka lines such as C vi, O vii, O viir and Ne 1X. Hot
ionized gas of a temperature of about 10° K can be characterized by these lines. Figure 2.5
shows ionization fraction and emissivity of these representative lines for a gas in collisional
ionization equilibrium state adopting the solar abundance by Anders & Grevesse (1989),
which are calculated by using publicly available routine SPEX. As shown in Figure 2.6, the
intensity ratio of O viIr and O VII are sensitive to the temperature in the range from 10°
K to 10" K. As the oxygen is abundant elements, spectroscopic study of oxygen lines is the
powerful tool to reveal the nature of these hot plasma.
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Figure 2.2: ROSAT maps of the (a) R12 (1/4 keV) band and (b) R45 (3/4 keV) band diffuse
background in Galactic coordinates by ROSAT intensity units are 107¢ counts s~ arcmin=2.
The field of view of their microcalorimeter sounding rocket experiment is also shown. Figures

are taken from McCammon et al. (2002).

2.2.3 Galactic absorption and the C K edge

The energy band of ROSAT is shown in Figure 2.3. There is a clear energy gap between
R12 and R45 bands. This is due to C K edge in the entrance window of the position sensitive
proportional counter. Since C is the third abundant element in interstellar space, C K edge
affects the absorption length of X-ray photons traveling in the interstellar medium.

In the left panel of Figure 2.7, we show the column density of neutral medium at which
the optical depth for photo absorption becomes unity as a function the X-ray energy. In
the right panel of the figure, we show the line of sight length where the optical depth for
absorption becomes unity for several typical X-ray energies as a function of galactic latitude.
We assumed the average neutral matter distribution described in Section 2.1.2 and 2.1.3, and
calculated for the galactic longitude of < [90°|. From this we can see that the Galaxy is not
transparent for X-ray photons in the R12 band even in high latitude, while in R45 band, in
particular above O VII emission, the Galaxy is transparent in high latitude (b >~ 20°). Only
in selected directions where the Galactic absorption is extremely low, e.g. the Lockman hole



10 CHAPTER 2. REVIEW

150 200
I

EFFECTIVE AREA (cm )
100
|

100
ENERGY (eV)

Figure 2.3: Energy response curve of ROSAT .

w
T

oL nﬁ ﬂ NWMM | HMLF”H” ) ”M l\r [MHMHWK[ ””.M

Fe IX,X, XTI SiIX [e]
- 02

Si VIILIX /
— _ ]

10.1

Counts (100.7 s)~1 (2.5 eV)~!

(s z0) 5y

Fe XVII Fe XVII
NelIX ]

0.0
0 200 400 600 800 1000
Energy (eV)

Figure 2.4: Observed spectrum from high latitude region with X-ray microcalorimeter(top)
and the normal abundance two-temperature thin thermal model(bottom). Figure is taken
from McCammon et al. (2002).

direction, extragalactic R12-band X-ray photons can reach to the Solar system. Therefore,
the most of X-ray photons in the R12 band map in Figure 2.2 originate within ~ 100 pc
from the earth, while a significant fraction can be from more distant part of the Galaxy and
extragalactic sources for direction with small galactic absorption.

2.2.4 Local Hot Bubble

Constraining distance of objects is an important issue in astronomy. Shadowing observations
are a useful tool to constrain the emitters of the SXDB. The MBM-12 molecular cloud
is located in the direction well outside the local Galactic structures and in a reasonably
high latitude ((¢,b) = (159°.2,—-34°.5)). The distance is about 100 pc, although there is
uncertainty from 60 £ 30 to 275+ 65 pc (Smith et al., 2005). Thus it is likely located inside
the LHB and in front of the bulk of Galactic absorption, while the column density of the
cloud itself is high enough(Ng= 4 x 10*'cm~2) to block X-rays below 1 keV. Thus this cloud
is very useful to estimate the emission within ~ 100 pc from the earth.
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Figure 2.6: The line intensity ratio of O viII to O VII as a function of temperature. Dashed
line shows that O viir/O vir are 0.5, 1.0 and 1.5.

A ROSAT PSPC pointing observation was carried out in 1991 in the direction of this
cloud (Snowden et al., 1993). The X-ray intensity in the R45 band showed a decrease well
correlated with the 100 pm IR intensity, which is proportional to the column density of dust
grains, thus the neutral matter density of the cloud. On the other hand the intensity in R12
band showed little shadowing. Thus the most of R12 band emission arises from distance
closer than ~ 100 pc while a part of R45 band emission is from beyond the cloud. Snowden
et al. (1993) estimated the emission measure of the hot gas emitting the R12 band to be
0.0024 cm =% pc = 5.9 x 10" ecm~® str~! assuming a temperature of 1050 K.

A Suzaku observation of the MBM12 on-cloud direction was carried out in 2006 (Smith
et al., 2007b). The Suzaku XIS1 spectrum clearly detected O VII line and the intensity was
determined to be 2.93 4+ 0.45 LU (LU = photons s~' cm™2 str™!). The spectrum above 0.4
keV was well represented by a thin-thermal emission model with kT = 0.109109% keV (T =
10>97 K) and emission measure =13.4751 x 10" cm= str~! (0.0054 cm~¢ pc)(Masui et al.
2009). Comparing the emission measure obtained from the ROSAT R12 band observation,
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we find that about half of emission in the R45 band (~ Suzaku 0.4-1 keV) must have different
origins from the R12 band emission.

A more stringent constraint on the emission measure of the hot component in the LHB
was obtained from diffuse EUV iron line observations with CHIPS (Cosmic Hot Interstellar
Plasma Spectrometer). Hurwitz et al. (2005) placed a 90 % upper limit of 0.0004 cm™° pc
= 9.8 x 10'3 em™ str~! on the emission measure of 10%° K hot gas in the LHB, assuming
the solar abundance. This is by a factor of six smaller than the emission measure of the R12
band emission.

As shown in Figure 2.8, a part of the R12 band emission shows clear anti-correlation
to the neutral matter column density. Thus at least a part of R12 band emission must
come from the LHB. However, we notice that there exists a large amount of offset counts
in the correlation plot. If all the interpretations of the three observations are correct, only
reasonable explanation is that only < 1/6 of R12 band emission and < 1/10 of R45 band
emission arise from the LHB and remaining dominant part of emission is from somewhere
else. The most likely candidate of the origin is the solar wind charge exchange (SWCX)
induced X-ray emission from the interplanetary space, which we call the Heliospheric SWCX.

2.2.5 Solar Wind Charge Exchange (SWCX)
2.2.5.1 Brief history of SWCX

Mysterious time variations of X-ray count rates that lasted a few hours to a few days were
discovered during the ROSAT survey (Snowden et al., 1994). The temporal variations
were called “long-term enhancements (LTEs)“. At that time, the origin of the LTEs was
not known at all. Then the comet Hyakutake was found to emit X-rays (Lisse et al., 1996),
which was surpringing because copious X-ray was emitted from such a cold object. Soft X-ray
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Figure 2.8: Scatter plot of R12 band intensity and corrected and scaled ITRAS 100 um data
plus fitted model curve for the typical four northern hemisphere regions. Figures are taken
from Snowden et al. (1998)

emissions were detected from other comets. Several emission mechanisms were proposed. It is
now believed that the dominant X-ray emission mechanism is charge transfer from cometary
neutrals to heavy solar wind ions (Cravens, 1997; Krasnopolsky et al., 2004). This discovery
became a great hint for the origin of the LTEs. The LTEs were found to be correlated with
the solar activity (Freyberg, 1994) and with the solar wind events (Cravens, 2000) . It is
now understood that LTEs are mainly due to the interaction of strong solar wind with the
geocoronal atomic hydrogen. Cox (1998) and Cravens (2000) suggested that a significant
fraction of the SXDB can be explained by the SWCX in the interplanetary space. Lallement
(2004b) constructed a model for the Heliospheric SWCX. Her model could explain the whole
R12 band emission in the directions of low R12 band intensity, thus of high neutral column
density, but leaves interstellar emission in directions of high R12 band intensity.

2.2.5.2 Geocoronal and Heriospheric SWCX

The SWCX is considered to be emitted from two distinct regions. The first one is neu-
tral matter in Earth’s magnetosphere, i.e. geocorona. We call this component Geocoronal
SWCX. As shown in Figure 2.9, the H atom density in geocorona is as high as 1000 cm ™3
at 2Ry and decreases exponentially with increasing geocentric distance, where Rg is the
Earth’s radius.

If O™ ions of solar wind can penetrate down to the geocentric distance R, then the
expected O VII intensity is,
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Fovii = EO’CQA(O7+)fSW/ ds np(s) (2.4)
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where 0., A(O™), and f,,, are, respectively, the charge exchange reaction cross section, O7F
to proton number density ratio in solar wind, and the solar wind flux. The values are typical
value for slow wind (Table A.1). We used the equation shown in Figure 2.9 for the H atom
density, ng. The integration by ds has to be done along a line of sight. However, in the above
equation, we integrated radially to estimate a typical value. In Equation 2.4, we assumed
that the solar wind flux is conserved when it passes the bow shock of magnetosphere. Solar
wind penetrates usually down to ~ 10Rg, while depending on the interplanetary plasma
condition it can go down to lower altitude in the polar region of the geomagnetic fields.
Since the O VII intensity in MBM-12 on-cloud direction is ~ 3 LU, Equation 2.5 indicates
that the Geocoronal SWCX will not be negligible compared to the SXDB if the solar wind

penetrate down to ~ 3Rp or the solar wind flux becomes as high as ~ 4 x 108 cm™2 s71.
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Figure 2.9: The H atom density in geocorona (ODstgaard et al., 2003) ¢ is the solar zenith
angle, and ¢ = 90° is the dawn side.

The solar system is moving against the local interstellar medium (LISM) with a velocity
of ~ 200 km s~!, and thus neutral matter in LISM flows into the heliosphere. The flow of the
neutral matter, mostly H and He atoms, is affected by the radiation pressure and the gravity
of the Sun. H and He atoms are also ionized by UV photons from the Sun. Consequently, the
H atom density at 1 AU from the Sun becomes as low as 0.05 cm ™3 while it is 1 cm ™ at > 10
AU (Lallement et al., 1985). Although both the neutral and solar-wind densities are much
lower than geocoronal case, charge exchange interaction of the solar-wind ions and H and
He atoms in the heliosphere produces non-negligible intensity X-ray photons, because of the
long sight line. We call this heliospheric SWCX. Cravens et al. (2007) estimated the intensity
of Heliosheric SWCX for the first time assuming H density profile of oc exp(—A/7), where
r is the heliocentric distance and A is a constant. Lallement (2004a,b) and Koutroumpa
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et al. (2006, 2007, 2008) constructed Heliospheric SWCX model. In Lallement (2004a,b),
the change in characteristics of the solar wind associated with solar cycle is considered. In
the model simulation by Koutroumpa et al. (2007), the relation between the propagation
front of the intense solar winds triggered by solar flares in the planetary space and the line of
sight of X-ray observations are considered. Koutroumpa et al. (2007) and Henley & Shelton
(2008) also argued that the O viI and/or O VIII intensities determined by early Chandra and
XMM-Newton observations are not consistent with those obtained by Suzaku observations of
the same directions. They suggested that the difference is due to the different solar activity;
early Chandra and XMM-Newton observations were conducted near the solar maximum,
while after launch of Suzaku , the sun went into extended low activity phase. However, the
line intensities determined by Chandra and XMM-Newton observations are less reliable than
those by Suzaku because of the high non X-ray background and complicated energy response
function of the detectors on board Chandra and XMM-Newton (e.g. Smith et al. (2007b)).
We thus consider that the long-term variations of the line intensity is not well established
yet.

The models of the Heliospheric SWCX suggest that the SXDB in R45 band can be
entirely explained by the Heliospheric SWCX, while a part of the R12 band emission can be
from the LHB.

2.2.5.3 Contamination of Geocoronal SWCX in Suzaku data

Since the altitude of the Suzaku orbit is 600 km, the line of sight always passes through the
Earth’s magnetosphere. During the observation of the blank field near the North Ecliptic
Pole in September 2005, Suzaku detected a strong flare in 0.4-1 keV energy band. Fujimoto
et al. (2007) concluded that the increase of the X-ray flux during the flare is mostly due
to emission lines from C vI (357 eV) to Mg X1 (1329 eV). They detected the C vi Ly ~
emission (459 eV) in the flare spectrum. This line is expected to be enhanced in charge
exchange process compared to thermal emission. Thus this is a strong evidence that the
emission arises from charge exchange process. During the flare the X-ray intensity varied
on times scales as short as 10 min. They concluded that the short time variation is related
to the movement of the sight line associated with the orbital motion of the satellite. At
this time the solar-wind ions penetrated down to the geocentric distance of 2Ry along the
geomagnetic fields of the northern polar cap. Thus when the line of sight passes polar cap
region of low altitudes, the SWCX is enhanced.

Strong geocoronal SWCX can be observed even when the sight line does not pass through
the Earth’s polar cap region. An example of this observation is the observation for the Galac-
tic ridge X-ray emission (GRXE) conducted in October, 2005. During this observation O viI
emission as strong as 11 LU was observed and was strongly correlated with the solar wind
flux. The observed O VII intensity is by a factor of ~ 10 stronger than that expected from
Equation 2.5. Yamasaki et al. (2008a) discussed that the neutral density in the geocorona
increases during solar flare. Liu & Liihr (2005) reported a change of the density of a factor of
4-8 within a few hours at an altitude of ~ 400 km due to the growth of the Joule heat. Since
the neutrals in the geocorona are supplied from the outer atmosphere, the density there can
also be enhanced during and after solar flares.

These two are extreme cases in which time variation is easily found in the X-ray light
curve. In most cases, the spectra can be contaminated by the Geocoronal SWCX which is
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too weak to be identified in the X-ray light curve but cannot be neglected compared to the
SXDB (e.g. > 1 LU in O viI emission). The the Geocoronal SWCX should be variable on
time scales of 10 minutes to hours and correlated with the solar wind flux and the geocentric
distance of the magnetopause on the sight line. Here we define the magnetopause as a lowest-
altitude point along the sight line whose geomagnetic field is open to the interplanetary space.
In chapter 4, we will try to remove time interval in which the data could be contaminated
by the Geocoronal SWCX, utilizing the time variations and the correlations.

The charge exchange process, typical solar wind parameters, and the cross sections for
charge exchange interaction are summarized in Appendix A.

2.2.6 Emission from distant part of the Galaxy

The shadowing experiments using the MBM-12 cloud clearly shows that a significant fraction
of the SXDB in R45 band arises from behind the cloud. It is likely to arise from distant
part of the galaxy; mostly above or beyond the bulk of absorption in the Galactic disk.
Kuntz & Snowden (2000) called this component the “transabsorption” emission (TAE) and
separated it in the ROSAT all sky map utilizing the directional dependence of the ab-
sorption column density. They argued that the emission spectrum can be described by a
two-temperature thermal emission model of temperatures KT' ~ 0.10 and 0.25 keV. However,
because there is no constraint on distance other than absorption, it is hard to constrain the
origins conclusively.

A new insight was obtained from combined analysis of the absorption lines observed
in the energy spectra of extragalactic objects and emission lines of the same ion species
observed in the energy spectra of nearby skies. Yao et al. (2009) analyzed the absorption
spectra of LMC X-3 obtained with the transmission grating (HETG) on board Chandra ,
and the emission spectra from the blank fields about 30" away from LMC X-3 observed
with the CCD camera (XIS) on board Suzaku . The joint spectral fit of the data shows the
hot gas attributed to the TAE component can not be isothermal. Instead, a thick Galactic
hot gaseous disk whose temperature and density decreases exponentially from the Galactic
midplane can consistently explain the observations. They obtained scale heights of 1.4¢71
and 2.8~ kpc, and the midplane values of 0.31 keV and 1.4 x 10~3cm 3 for the temperature
and the density, respectively. Here, ¢ is the volume filling factor of the hot gas.

A similar result was obtained for the sight line toward Mrk 421, although the the X-ray
emission is mostly based on the ROSAT All Sky Survey data, thus the emission lines are
not resolved spectroscopically (Yao & Wang, 2007).

2.2.7 Observation of Oy line

We would like to mention about O VI absorption and emission, which traces gas at a temper-
ature of ~ 10° K. O VI absorption lines were detected in OB stars and in the extragalactic
objects. Based on absorption lines detected by FUSE , Savage et al. (2003) proposed a
model for O vI distribution; a plane-parallel patchy absorbing layer with an average O VI
midplane density of ng(O vI) = 1.7 x 107® cm ™3, a scale height of 2.3 kpc, and a ~0.25
dex excess of O VI in the northern Galactic polar region. However this model does not
provide a good fit to the O VI-emission observation with FUSE . The distribution of O VI
emission over the sky is poorly correlated with other tracers of gas in the halo, including
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low- and intermediate-velocity H 1, H, emission from the warm ionized gas at ~ 10* K, and
hot X-ray-emitting gas at ~ 10° K.

The thick Galactic hot gaseous disk model in the previous subsection can account for the
O VI line absorption observed in FUSE spectrum. This model predicts that most of the
O VI absorption arises from the kpc scale diffuse gas distributed narrow region compared to
O viI emission. On the other hand, the thick Galactic hot gaseous disk model only predicts
less than one tenth of the O VI line emission intensity typically observed at high Galactic
latitude. Yao et al. (2009) suggested that there exist high density region at the interfaces
between hot and cool media and that O VI emission arises mainly from such regions.

If the thermal pressure of gas at 3 x 10° K, at which the ionization fraction of O*5 shows
the peak, is half the average midplane value, 1.5 x 10712 dyn cm~2, the local density of O*®
is about 2.2 x 107% em™3. Compared with the observed value above, 1.7 x 1078 cm—3, the
filling factor of the material emitting O VI is only less than about 0.8 %.

2.2.8 Emission from galactic disk

As mentioned in subsection 2.2.1, about 40 % of the SXDB in the ROSAT R45 band is
extragalactic continuum emission. As we also showed in Figure 2.7, the X-ray photons in
this energy band is completely blocked by the neutral matter in the Galactic plane (Nyg ~
102 cm™2). Nevertheless, the R45 band X-ray surface brightness decreases only by 20 % or
less from high Galactic latitude to midplane. This issue has been known as the “M band
problem” (McCammon & Sanders, 1990; Cox, 2005). The M band is the name of a similar
energy band in the Wisconsin and the Nagoya-Leiden rocket programs. Since X-ray photons
below 1 keV can travel only about 1 kpc in the Galactic disk, there must be emission in the
midplane within 1 kpc which compensates partly the decrease of the extragalactic emission.
Nousek et al. (1982) and Sanders et al. (1983) suggested hot gas of ~ 3 x 10° K as the origin,
while Rosner et al. (1981) pointed out emission from dM stars can contribute ~ 20 % of the
total diffuse emission. Cox (2005) showed that if a significant fraction (2 1/2) of emission
originates from hot gas in the temperature range of 2.5 x 10° to 6.3 x 10° K, the hot gas
must expand because of its high pressure. He suggested young expanding superbubbles or
supernova remnants evolving in low density region as candidates for the emission.

As an example, the surface brightness averaged over rectangular areas of (Al, Ab) =
(10°,2°) along the line of £ = 235° is plotted as a function of b in Figure 2.10. A model surface
brightness profile consisting of an unabsorbed constant emission and the CXB absorbed by
the average column density is plotted together with the observational data. For |b| < 10°,
there is 20 x 10 %counts s~'arcmin =2 of excess over the model. This corresponds to about
20 % of the total diffuse emission at high latitudes. Note that the model curve is for the
minimum possible absorption: if the other 60 % of the R45 emission at high latitudes is
produced by a hot halo, then this too would be largely absorbed in the plane, depending
on its scale height structure. The surface brightness profile suggests asymmetry between
the profiles for b > 0° and b < 0°, which is more pronounced in R4 band. In this paper,
however, we concentrate on the excess flux at b = 0°. In Appendix D, we will construct a
model which can consistently explain the excess at b = 0°, although we will find the model
cannot explain the excess in b ~ 2 — 10°.

The origin of the excess midplane emission is not known yet although this problem has
been known for more than 25 years. One major reason is that there has been no energy
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Figure 2.10: ROSAT diffuse X-ray R45 band map (Snowden et al., 1997), and the surface
brightness and neutral hydrogen column density as functions of b along ¢ ~ 230°. The thick
white circle in the map indicates the pointing direction of the present observation. The
surface brightness and the hydrogen column density were averaged over rectangular areas of
size (AL, Ab) = (10°,2°). The surface brightnesses in R4, R5, and R45 bands are plotted as
step functions. A model surface brightness for R45 band which consists of an unabsorbed
constant emission (65 x 10-%counts s~'arcmin~?) and the cosmic X-ray background emission
(10 (E/1 keV)~** photons s ™" cm ™2 str~! keV ™' ) absorbed by the average column density
is shown with a thick curve. There exists about 20 x 10 %counts s~'arcmin 2 of excess over
the model at midplane. The excess in b = —20° to —30° is partly due to one of the streaks
of bright areas which meet together at the South Ecliptic Pole. Thus it could be due to the
so-called long term enhancement (Snowden et al., 1994) or scattered solar X-rays. Taken
from Masui et al. 2009.

spectrum available in which emission line structures are resolved. A new insight was also
obtained from Suzaku observations. Masui et al. (2009) observed a nominal midplane di-
rection (¢, b) = (235°, 0°) with Suzaku for 160 ks. The direction was selected because this
point is well outside the Galactic bulge and north polar spur, and because the direction is
an average midplane direction without any special features, i.e. no bright X-sources in the
XIS field of view, a typical neutral Hydrogen density, and a typical counting rate in the
ROSAT all sky survey map. They found that the O vii Ka emission intensity was compa-
rable with that of the MBM-12 on-cloud observation and that a narrow bump peaked at ~
0.9 keV was compensating the decrease of the extragalactic component. This strong feature,
presumably due to a blend of Ne-K and Fe-L lines, makes the b = 0° spectrum qualitatively
unlike empty-field spectra at other latitudes and requires plasma at higher temperatures
than generally seen in Galactic diffuse emission. They discussed that because the pressure
exceeds the total midplane pressure the emission can not be truly diffuse hot gas, but that
the emission is from spatially unresolved faint young dM stars. They constructed a model
spectrum based on the average properties and density of dM stars in solar neighborhood
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and showed it could consistently explain both the spectrum and the absolute intensity. The
source number expected for dM stars, typically 60 in the Suzaku XIS field of view, was found
to be consistent with the source number count from the Chandra plane survey project. How-
ever, they found that the excess emission in |b| = 2 — 10° cannot be explained if they assume
the vertical distribution of young dM stars from the Galaxy dynamical model.

2.3 Summary of the Review

Understanding of the SXDB and the hot phase interstellarmatter has been gradually in-
creased since early observations in 1970’s. The ROSAT all sky survey was a great step
which provided the all sky map with 127 spatial resolution, although the energy resolution
was poor. The discovery of the SWCX brought new insights in interpretation of the emission.
Suzaku is now bringing another great step in the research of SXDB above the C K edge (=
3/4 keV band = R45 band), with low and stable non X-ray background, medium spatial
resolution, and good energy resolution. The present status may be summarized as below.

e The SXDB above the C K edge consists of at least two components: near (< 100 pc)
and far components (2 100 pc).

e A large fraction (29/10) of the near component arises from the Heliospheric SWCX
and the ~ 10°% hot gas in the LHB contribute only a small fraction. However, below
the C K edge (=1/4 keV band = R12 band) it may have more contribution (5 1/6).
Early Suzaku observation was already a large step to new understanding,

e The far component is likely to arise from hot gas. However, we do not know how
they are distributed in the Galaxy. Its temperature may be higher than that of LHB
(~ 2 x 10° K). However, both the temperature and density are not well constrained
yet. The major part of the hot gas is considered to locate beyond the bulk of neutral
matter in our Galaxy. As a possible configuration, a thick hot disk with vertical scale
height of ~ 2¢ kpc, where £ is the volume filling factor of the hot gas, was proposed.

e An emission component which has a significantly higher temperature (~ 6 x 10° K)
than other directions exists in midplane. The emission is compensating the decrease
of extragalactic emission by the Galactic absorption. A sum of faint young dM stars
is a candidate of the source.






Chapter 3

Instruments

This thesis deals with soft X-ray diffuse background, which would be dominated by the
composition of line emission. We utilize a satellite Suzaku, which is most suitable for in-
vestigating soft X-ray diffuse background because of its unprecedented energy resolution
below ~ 1 keV for spatially extended source. The first section in this chapter outlines the
Suzaku instrumentation. In the second section, we show brief description of ACE and WIND
satellite used as a monitor of proton flux of the solar wind which induced the solar wind
charge exchange emission that contributes to the soft X-ray diffuse background.
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3.1 The Suzaku satellite

3.1.1 Mission Description

Suzaku is placed in a near-circular orbit with an apogee of 568 km, an inclination of 31.9
degrees, and an orbital period of about 96 minutes. The maximum slew rate of the spacecraft
is 6 degrees/min, and settling to the final attitude takes ~ 10 minutes, using the star trackers.

Figure 3.1: [Left] Schematic picture of the bottom of the Suzaku satellite. [Right] A side
view of the instrument and telescopes on Suzaku .

The scientific payload of Suzaku (Fig. 3.1) initially consisted of three distinct co-aligned
scientific instruments. There are four X-ray sensitive imaging CCD cameras (X-ray Imaging
Spectrometers, or XISs), three front-illuminated (FI; energy range 0.4-12 keV) and one back-
illuminated (BI; energy range 0.2-12 keV), capable of moderate energy resolution. Each XIS
is located in the focal plane of a dedicated X-ray telescope. The second instrument is the
non-imaging, collimated Hard X-ray Detector (HXD), which extends the bandpass of the
observatory to much higher energies with its 10-600 keV pointed bandpass. The X-Ray
Spectrometer (XRS) is no longer operational. And one of the X-ray Imaging sensor XIS-S2
became disabled. XRT-XIS modules and HXD operate simultaneously. In the study of this
thesis, only XRT /XIS were used. The description of the HXD is hence omitted.

Table 3.2 summarizes the calibration items of XRT and XIS, the current status, and their
expected accuracy. These values are the 90% limits, equivalent to 1.60. Note that the values
listed are those required from the scientific purpose and ultimate goals which are possible to
be realized on the basis of the instrument design, and are not measurement results.

3.1.2 X-Ray Telescopes (XRTSs)

Suzaku has five light-weight thin-foil X—Ray Telescopes (XRTs). These are grazing-incidence
reflective optics consisting of compactly nested, thin conical elements. Because of the re-
flectors’ small thickness, they permit high density nesting and thus provide large collecting
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Table 3.1: Overview of Suzaku capabilities

S/C | Orbit Apogee 568 km
Orbital Period 96 minutes
Observing Efficiency ~ 45%
XRT | Focal length 4.75 m
Field of View 17" at 1.5 keV
13" at 8 keV
Plate scale 0.724 arcmin/mm
Effective Area 440 cm? at 1.5 keV

250 cm? at 8 keV
Angular Resolution 2’ (HPD)

XIS | Field of View 17.8 x 17.8
Bandpass 0.2-12 keV
Pixel grid 1024 <1024
Pixel size 24 pmx 24 pm
Energy Resolution ~ 130eV at 6 keV
Effective Area 340 cm? (FI), 390 cm? (BI) at 1.5 keV
(incl XRT-I) 150 cm? (FT), 100 cm? (BI) at 8 keV
Time Resolution 8 s (Normal mode), 7.8 ms (P-Sum mode)

Table 3.2: Error Budgets of Scientific Instrument Calibrations

Calibration Item October 2005 Requirement  Goal
XRT-I/XIS On-axis effective area ®............... ~10% 5% 5%
Vignetting. ..., ~50% 5% 2%
On-axis EEF " ....................... ~20% 5% 1%
Off-axis EEF ¢ ....................... ~30% 20% 2%
Optical axis position in XIS .......... ~0.5 < 0.2 <0.2
Energy scale.................ooi... 0.3% 0.1% 0.1%
Energy resolution (FWHM) at 5.9 keV 5% 1% 1%
Note --- All the values quoted are preliminary.

a: Valid in the 1-8 keV band. Calibration uncertainty may become larger outside this energy range, especially
below 0.3 keV (BI chip) and above 10 keV.
b: For all integration radii from 1’-6’. No error on attitude control is included.

¢: As on-axis but for all XIS f.o.v. No calibration is currently scheduled.

efficiency with a moderate imaging capability in the energy range of 0.2-12 keV, all accom-
plished in telescope units under 20 kg each.

Four XRTs on-board Suzaku (XRT-I) are used on the XIS, and the other XRT (XRT-S)
is for the XRS. XRT-S is no more functional. The XRTs are arranged on the Extensible
Optical Bench (EOB) on the spacecraft in the manner shown in Figure 3.2. The external
dimensions of the 4 XRT-Is, however, are the same (See Table 3.3).

The angular resolutions of the XRTs range from 1.8 to 2.3', expressed in terms of half-
power diameter, which is the diameter within which half of the focused X-ray is enclosed.
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Figure 3.3: A Suzaku X—Ray Telescope

Figure 3.2: Layout of the XRTs on the

Suzaku spacecraft.

Table 3.3: Telescope Dimensions and Parameters of XRT-I

Number of telescopes
Focal length

Inner Diameter

Outer Diameter

Height

Mass/Telescope
Number of nested shells
Reflectors/Telescope
Geometric area/Telescope
Reflecting surface
Substrate material
Substrate thickness
Reflector slant height

4
4.75 m
118 mm
399 mm
279 mm
19.5 kg

175
1400
873 cm?
Gold
Aluminum
155 pm
101.6 mm
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The angular resolution does not significantly depend on the energy of the incident X-ray in
the energy range of Suzaku , 0.2-12 keV. The effective areas are typically 440 cm? at 1.5 keV
and 250 cm? at 8 keV. The focal lengths are 4.75 m for the XRT-I. Individual XRT quadrants
have their component focal lengths deviated from the design values by a few cm. The optical
axes of the quadrants of each XRT are aligned within 2’ from the mechanical axis. The field
of view for XRT-Is is about 17’ at 1.5 keV and 13’ at 8 keV. (see also Table 3.1)

3.1.2.1 Basic Components of XRT

The Suzaku X-Ray Telescopes (XRTSs) consist of closely nested thin-foil reflectors, reflecting
X-ray at small grazing angles. An XRT is a cylindrical structure, having the following
layered components: a thermal shield at the entrance aperture to help maintain a uniform
temperature; a pre-collimator mounted on metal rings for stray light elimination; a primary
stage for the first X-ray reflection; a secondary stage for the second X-ray reflection; a
base ring for structural integrity and interface with the EOB of the spacecraft. All these
components, except the base rings, are constructed in 90° segments. Four of these quadrants
are coupled together by interconnect-couplers and also by the top and base rings (Figure 3.3).
The telescope housings are made of aluminum for an optimal strength to mass ratio. Each
reflector consists of a substrate also made of aluminum and an epoxy layer that couples the
reflecting gold surface to the substrate.

3.1.2.2 Reflectors

In shape, each reflector is a 90° segment of a section of a cone. The cone angle is designed
to be the angle of on-axis incidence for the primary stage and 3 times that for the secondary
stage. They are 101.6 mm in slant length and with radii extending approximately from 60
mm at the inner part to 200 mm at the outer part. The reflectors are nominally 178 pym in
thickness. All reflectors are positioned with grooved alignment bars, which hold the foils at
their circular edges. There are 13 alignment bars at each face of each quadrant, separated
at approximately 6.4° apart.

To properly reflect and focus X—ray at grazing incidence, the precision of the reflector fig-
ure and the smoothness of the reflector surface are important aspects. Since polishing of thin
reflectors is both impractical and expensive, reflectors in Suzaku XRTs acquire their surface
smoothness by a replication technique and their shape by thermo-forming of aluminum. In
the replication method, metallic gold is deposited on extrusion glass mandrel (“replication
mandrel” ), of which the surface has sub-nanometer smoothness over a wide spatial frequency,
and the substrate is subsequently bonded with the metallic film with a layer of epoxy. After
the epoxy is hardened, the substrate-epoxy-gold film composite can be removed from the
glass mandrel and the replica acquires the smoothness of the glass. The replica typically has
~0.5 nm rms roughness in the mm or smaller spatial scale, which is sufficient for excellent
reflectivity at incident angle less than the critical angle. The Suzaku XRTs are designed with
on-axis reflection at less than critical angle, which is approximately inversely proportional
to X-ray energy.

In the thermo-forming of the substrate, pre-cut, mechanically rolled aluminum foils are
pressed onto a precisely shaped “forming mandrel”, which is not the same as the replication
mandrel. The combination is then heated until the aluminum softened. The aluminum foils
acquire the figure of the properly shaped mandrel after cooling and release of pressure. In
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Table 3.4: Design Parameters for Pre-collimator

XRT-1
Number of Collimators 4
Height 32 mm
Blade Substrate Aluminum
Blade Thickness 120 pm
Blade Height 22 mm
Height from Blade Top to Reflector Top 30 mm
Number of nested shells 175
Blade/Telescope 700
Mass/Collimator 2.7 kg

the Suzaku XRTSs, the conical approximation of the Wolter-1 type geometry is used. This
approximation fundamentally limits the angle resolution achievable. More significantly, the
combination of the figure error in the replication mandrels and the imperfection in the
thermo-forming process (to about 4 micrometers in the low frequency components of the
figure error in the axial direction) limits the angular resolution to about 1 minute of arc.

3.1.2.3 Pre-collimator

The pre-collimator, which blocks off stray light that otherwise would enter the detector at a
larger angle than intended, consists of concentrically nested aluminum foils similar to that
of the reflector substrates. They are shorter, 22 mm in length, and thinner, 120 micrometers
in thickness. They are positioned in a fashion similar to that of the reflectors, by 13 grooved
aluminum plates at each circular edge of the pieces. They are installed on top of their
respective primary reflectors along the axial direction. Due to their smaller thickness, they
do not significantly reduce the entrance aperture in that direction more than the reflectors
already do. Pre-collimator foils do not have reflective surfaces (neither front nor back). The
relevant dimensions are listed in Table 3.4.

3.1.2.4 Thermal Shields

The Suzaku XRTs are designed to function in a thermal environment of 204+7.5°C. The reflec-
tors, due to its composite nature and thus its mismatch in coefficients of thermal expansion,
suffer from thermal distortion that degrades the angular resolution of the telescopes in tem-
perature outside this range. Thermal gradient also distorts the telescope in a larger scale.
Even though sun shields and other heating elements on the spacecraft help in maintaining a
reasonable thermal environment, thermal shields are integrated on top of the pre-collimator
stage to provide the needed thermal control.

3.1.2.5 XRT-I Performance in Orbit

The four XISs (cf. Fig.3.12) are true imagers, with a large field of view (~ 18" x 18), and
moderate spectral resolution. Each of the co-aligned XRTs features an X-ray mirror with
an angular resolution (expressed as Half-Power Diameter, or HPD) of ~ 2'. Figure 3.5
shows the total effective area of the XIS+XRT, which includes features due to the elemental
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Figure 3.4: A thermal shield.

Astro—E2 XRT
HPD energy dependence@ Ti—Ka(4.51keV),Cu—Ka(B.04keV)
T T T

L

o
©
I

Effective Area (cm?)

o
T

1 . N . L
0.1 1.0 10.0
Energy (keV)

Diameter from focus [arcmin]

Figure 3.5: Left: XIS Effective area of one XRT + XIS system, for both the FI and BI chips.
Right: The Encircled Energy Function (EEF) showing the fractional energy within a given
radius for one quadrant of the XRT-I telescopes on Suzaku at 4.5 and 8.0 keV.

composition of the XIS and XRT. K-shell absorption edges from the oxygen (0.54 keV) and
aluminum (1.56 keV) in the blocking filters are present, as well as a number of weak M-shell
features between 2-3 keV arising from the gold in the XRT.

Fig. 3.6 shows the point spread functions (PSFs) of all the XRT-I4+XIS modules, mea-
sured using a observation of a point-like source MCG—6—30-15. The preliminary HPD, with
a typical statistical error of ~ 0/1, ranges from 1/8 ~ 2/3. Figure 3.7 shows the focal position
of the XRT-Is, that the source is focused when the satellite points at the XIS aimpoint. The
focal positions locate roughly within 0!5 from the detector center with an deviation of ~ 0!3.
This implies that the fields of view of the XIS coincides each other within ~ 0/3.

A series of offset observations of the Crab observations were carried out in August and
September at various off-axis angles of (', 3/5, 7. The intensity of the Crab nebula is
evaluated for each pointing and for each XIS module separately. By finding the maximum
throughput angle, we also have obtained a direction of the optical axis of each telescope.
The result is shown in Fig. 3.8. The optical axes locate roughly within 1’ from the XIS aim
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Figure 3.6: Point spread functions of the XRT-XIS modules for the XRT-10 through XRT-13
from left to right. Each PSF is normalized by the number of total photons collected over
the entire XIS aperture.
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point. This implies that the efficiency of all the XRT-Is is more than 97 % even at 10 keV
when we observe a point source on the XIS aimpoint. By assuming the detector efficiency
is constant over the field of view, we determined the vignetting function as shown in Figure
3.9. The vignetting function is narrower in higher energy. The averaged effective area over
the detector size of XIS (17.8'x17.8") is 60%, 60% and 50% of the E.A on axis at 1.5, 4.5 and
8.0 keV, respectively.

In-flight stray-light observations were carried out with Crab at off-axis angles of 20" (4
pointings), 50" (4 pointing) and 120’ (4 pointing) in August and September. It was found
that the pre-collimator works for reducing the stray light in orbit. Figure 3.10 shows angular
responses of the XRT-I at 1.5 and 4.5 keV up to 2 degrees. The effective area is normalized
at on-axis. The integration area is corresponding to the detector size of XIS (17".8 x 17'.8).
The three solid lines in the plots correspond to different parameters of ray-tracing program
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Figure 3.9: Vignetting curves of XRT-I at three different energies of 1.5, 4.5 and 8.0 keV.
The three solid lines in the plots correspond to a parameter of ray-tracing program while
the crosses are the preliminary XRT-I effective area ”inferred” from the Crab pointings
with some assumptions. The XRT-I effective area shown here does not includes either the
quantum efficiency of the detector or transmissivity of the thermal shield and the optical
blocking filter.
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Figure 3.10: Angular responses of the XRT-I at 1.5 (left) and 4.5 keV (right) up to 2
degrees. The effective area is normalized at on-axis. The integration area is corresponding
to the detector size of XIS (17".8 x 17.8). The three solid lines in the plots correspond to
different parameters of ray-tracing program while the crosses are the normalized effective
area using the Crab pointings.
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while the crosses are the normalized effective area using the Crab pointings. For example,
the effective area of the stray lights at 1.5 keV is ~107% at angles smaller than 70 arcmin off
axis and < 1073 at angles larger than 70 arcmin off. The measured flux of stray lights are
in good agreement with that of raytracing within an order.

3.1.3 X-ray Imaging Spectrometer (XIS)
3.1.3.1 Overview of the XIS

Suzaku has four X-ray Imaging Spectrometers (XISs), which are shown in Figure 3.11.
These employ X-ray sensitive silicon charge-coupled devices (CCDs), which are operated in
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Figure 3.11: The four XIS detectors before installation onto Suzaku .

a photon-counting mode, similar to that used in the ASCA SIS, Chandra ACIS, and XMM-
Newton EPIC. The four Suzaku XISs are named XIS-S0, S1, S2 and S3, each located in
the focal plane of an X-ray Telescope; those telescopes are known respectively as XRT-I0,
XRT-11, XRT-12, and XRT-I3. Each CCD camera has a single CCD chip with an array of
1024 x 1024 picture elements (“pixels”), and covers an 18 x 18 region on the sky. Each
pixel is 24 um square, and the size of the CCD is 25 mm x 25 mm. One of the XISs, XIS-S1,
uses a back-side illuminated CCDs, while the other three use front-side illuminated CCDs.

A CCD has a gate structure on one surface to transfer the charge packets to the readout
gate. The surface of the chip with the gate structure is called the “front side”. A front-side
illuminated CCD (FI CCD) detects X-ray photons that pass through its gate structures, i.e.
from the front side. Because of the additional photo-electric absorption at the gate struc-
ture, the low-energy quantum detection efficiency (QDE) of the FI CCD is rather limited.
Conversely, a back-side illuminated CCD (BI CCD) receives photons from “back,” or the
side without the gate structures. For this purpose, the undepleted layer of the CCD is com-
pletely removed in the BI CCD, and a thin layer to enhance the electron collection efficiency
is added in the back surface. A BI CCD retains a high QDE even in sub-keV energy band
because of the absence of gate structure on the photon-detection side. However, a BI CCD
tends to have a slightly thinner depletion layer, and the QDE is therefore slightly lower in
the high energy band. The decision to use only one BI CCD and three FI CCDs was made
because of both the slight additional risk involved in the new technology BI CCDs and the
need to balance the overall efficiency for both low and high energy photons. To minimize
the thermal noise, the sensors need to be kept at ~ —90°C during observations.

To reduce contamination of the X-ray signal by optical and UV light, each XIS has an
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Figure 3.12: One XIS instrument. Each XIS consists of a single CCD chip with 1024 x 1024
X-ray sensitive cells, each 24 pm square. Suzaku contains four CCD sensors (XIS-S0 to S3),
two AE/TCUs (AE/TCE01 and AE/TCE23), two PPUs (PPUO1 and PPU23), and one
MPU. AE/TCUO01 and PPUO1 service XIS-S0O and XIS-S1, while AE/TCE23 and PPU23
service XIS-S2 and XIS-S3. Three of the XIS CCDs are front-illuminated (FI) and one
(XIS-S1) is back-illuminated (BI).

Optical Blocking Filter (OBF) located in front of it. The OBF is made of polyimide with a
thickness of 1000 A, coated with a total of 1200 A of aluminum (400 A on one side and 800 A
on the other side). To facilitate the in-flight calibration of the XISs, each CCD sensor has
two 5°Fe calibration sources. One is installed on the door to illuminate the whole chip, while
the other is located on the side wall of the housing and is collimated in order to illuminate
two corners of the CCD. The door-mounted source will be used for initial calibration only;
once the door is opened, it will not illuminate the CCD. The collimated source can easily
be seen in two corners of each CCD. A small number of these X-rays scatter onto the entire
CCD. In addition to the emission lines created by these sources, we can utilize a new feature
of the XIS CCDs, “charge injection capability,” to assist with calibration. This allows an
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arbitrary amount of charge to be input to the pixels at the top row of the imaging region
(exposure area), i.e. the far side from the frame-store region. The charge injection capability
may be used to measure the CTI (charge transfer inefficiency) of each column, or even to
reduce the CTI. The latter usage, so-called spaced-row CI, is successfully demonstrated in
2006.

Fig. 3.12 provides a schematic view of the XIS system. Charge clouds produced in the
CCD by the X-rays focused by the XRT are accumulated on the exposure area for a certain
exposure period (typically 8 s in the “normal” mode), and the data are transferred to the
Frame Store Area (FSA) after each exposure. Data stored in the Frame Store Area are read-
out sequentially by the AE, and sent to the PPU after the conversion to the digital data.
The data are put into the memory in PPU named Pixel RAM. Subsequent data processing
is done by accessing the Pixel RAM.

3.1.3.2 Pulse Height Determination, and Hot Pixels

When a CCD pixel absorbs an X-ray photon, the X-ray is converted to an electric charge,
which in turn produces a voltage at the analog output of the CCD. This voltage (“pulse-
height”) is proportional to the energy of the incident X-ray. In order to determine the true
pulse-height corresponding to the input X-ray energy, it is necessary to subtract Dark Levels
and correct possible optical Light Leaks. XIS has capability to measure them on-board.

Hot pixels are pixels which always output over threshold pulse-heights even without input
signals. Hot pixels are not usable for observation, and their output has to be disregarded
during scientific analysis. In the case of XIS, hot pixels are detected on-board and their po-
sitions and pulse-heights are stored in the Hot-pixel RAM and sent to the telemetry. Thus,
hot pixels can be recognized on-board, and they are excluded from the event detection pro-
cesses. It is also possible to specify the hot pixels manually. There are, however, some pixels
which output over threshold pulse-heights intermittently. Such pixels are called flickering
pixels. It is difficult to identify and remove the flickering pixels on board; they are inevitably
output to the telemetry and need to be removed during the ground processing. Flickering
pixels sometimes cluster around specific columns, which makes it relatively easy to identify.

3.1.3.3 Pulse Height Distribution Function

Pulse hight distribution function for a monochromatic X-ray line can be represented by a
Gaussian-like peak and low energy tail component. Energy resolution for Oxygen K, line
at 0.525 keV is about 50 eV (FWHM) for BI and 40 eV for FI (Koyama et al., 2007). The
fraction of the low energy tail component of Suzaku XIS is very small in comparison with
other X-ray CCDs used in X-ray satellite mission. Figure 3.13 shows energy spectra (pulse
height distribution) for a monochromatic X-ray line emission at £ = 0.5 keV, in comparison
with X-ray CCDs on-board XMM-Newton. Clear peaks are shown by Suzaku FI/BI CCDs.
Actual energy spectra of a SNR 1E0102-72 is shown in Figure 3.14. K, lines of O VII
(0.57 keV) and O VIII (0.65 keV) are clearly resolved with excellent energy resolution.
Thus Suzaku is the most suitable to study diffuse hot plasma which can be characterized by
emission lines.
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Figure 3.13: Energy spectra for monochromatic line by Suzaku FI/BI sensors and PN and

MOS1 CCD onboard XMM-Newton.
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Figure 3.14: Energy spectra of SNR 1E0102-72 by a sum of 4 XIS of Suzaku and S3 CCD

onboard Chandra. The O VII and O VIII lines are clearly resolved by Suzaku .
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3.1.3.4 Photon pile-up

The XIS is essentially a position-sensitive integrating instrument, with the nominal interval
between readouts of 8 s. If during the integration time one or more photons strike the
same CCD pixel, or one of its immediate neighbors, these cannot be correctly detected as
independent photons: this is the phenomenon of photon pile-up. Here, the modest angular
resolution of the Suzaku XRT is an advantage: the central 3 x 3 pixel area receives 2% of
the total counts of a point source, and ~10% of the counts fall within ~0.15 arcmin of the
image center. The pile-up effect is negligible for the object studied in this thesis.

3.1.3.5 XIS background rate

All four XISs have low backgrounds, due to a combination of the Suzaku orbit and the
instrumental design. Below 1 keV, the high sensitivity and energy resolution of the XIS-
S1 combined with this low background means that Suzaku is the superior instrument for
observing soft sources with low surface brightness.

In the XIS, the background originates from the cosmic X-ray background (CXB) com-
bined with charged particles (the non-X-ray background, or NXB). When observing the dark
earth (i.e. the NXB), the background rate between 1-12 keV in is 0.11 cts/s in the FI CCDs
and 0.40 cts/s in the BI CCD; see Figure 3.15. Note that these are the fluxes after the grade
selection is applied with only grade 0, 2, 3, 4 and 6 selected. There are also fluorescence
features arising from the calibration source as well as material in the XIS and XRTs. The
Mn lines are due to the scattered X-rays from the calibration sources. As shown in Table 3.5
the Mn lines are almost negligible except for XIS-S0. The O lines are mostly contamination
from the day earth (3.1.3.5.2). The other lines are fluorescent lines from the material used
for the sensor. Table 3.5 shows the current best estimates for the strength of these emission
features, along with their 90% upper and lower limits.
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Figure 3.15: The night earth X-ray background (NXB) spectra for XIS-S0 and XIS-S1. The
prominent fluorescent lines marked (See Table 3.5).

3.1.3.5.1 Out-of-time events X-ray photons detected during the frame-store transfer
do not correspond to the true image, but instead appear as a streak or blur in the readout
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Table 3.5: Energies and count rates of the line components in the NXB spectra.

Line Energy Count rate (1079 cts s™! pixel 1)
(keV) TS0 XTST X152 X153

Al-Ka 1.486 1.45+0.11 1.84+£0.14 1.41+£0.10 1.41 +0.10
Si-Ka 1.740  0.479+£0.081 2.27+£0.15 0.476 4+ 0.080 0.497 £ 0.082
Au-Ma 2123 0.634+0.093 1.104+0.13 0.776 + 0.097 0.619 4+ 0.092
Mn-Ka  5.895 6.92+0.19 0434+0.14 1.194+0.13 0.76 £ 0.11
Mn-Kg  6.490 1.10£0.11  026£0.13 0.40+£0.11  0.253£0.094
Ni-Ka 7.470 712+£0.19 7.06+0.37 8.0140.20 7.50 £0.20
Ni-K( 8.265 0.96 £0.10 0.754+0.22 1.16+0.11 1.18 £0.11
Au-La 9.671 3.424+0.15 4154049 3.4540.15 3.30 £0.15
Au-Lj 11.51 2.04+0.14 1934+£048 197£0.14 1.83 £0.14

The count rates are obtained from the whole CCD chip excluding the calibration source

regions. Errors are 90 % confidence level.

Table 3.6: Origins of the fluorescence lines in the NXB spectra.

Line Origin

Al-Ka Optical blocking filter, housing, alumina substrate to mount CCD
Si-Ka CCD (Si fluorescence line)

Au-Ma, La, LG Housing, CCD substrate, heatsink

Mn-Ka, Kf Scattered X-rays from calibration sources

Ni-Ka, K Housing, heatsink

direction. These events are called out-of-time events., and they are an intrinsic feature of
CCD detectors. Similar streaks are seen from bright sources observed with Chandra and
XMM-Newton . Out-of-time events produce a tail in the image, which can be an obstacle
to detecting a low surface brightness feature in an image around a bright source. Thus the
out-of-time events reduce the dynamic range of the detector. Since XIS spends 25 ms in the
frame-store transfer, about 0.3% (= 0.025/8 x 100) of all events will be out-of-time events.
However, because the orientation of the CCD chip is different among the sensors, one can
in principle distinguish a true feature of low surface brightness and the artifact due to the
out-of-time events by comparing the images from two or more XISs.

3.1.3.5.2 Day Earth Contamination When the XIS field of view is close to the day
earth (i.e. Sun lit Earth), fluorescent lines from the atmosphere contaminate low-energy
part of the XIS data, especially in the BI chip. Most prominent is the oxygen line, but
the nitrogen line may be also noticed (see Fig. 3.15-right). These lines are mostly removed
when we apply the standard data screening criteria (XIS FOV is at least 20 degree away from
the day earth) during the ground processing. However, small amount of contamination can
remain. This contamination may be further reduced if we subtract appropriate background.
This subtraction, however, may be imperfect.
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Figure 3.16: Trend plot of contamination column density (carbon) and mass surface density
for each XIS sensor.

3.1.3.6 Radiation Damage and On-board Calibration of the XIS

The performance of X-ray CCDs gradually degrades in the space environment due to the
radiation damage. This generally causes an increase in the dark current and a decrease of
the charge transfer efficiency (CTE). In the case of XIS, the increase of the dark current is
expected to be small due to the low (—90°C) operating temperature of the CCD. However, a
decrease in CTE is unavoidable. Thus, continuous calibration of CCD on orbit is essential to
the good performance of the XIS. This is calibrated using a radio isotope source and charge
injection as explained below:

(i) Each XIS carries **Fe calibration sources near the two corners of the chip, which will be
used to monitor the instrument gain.

(ii) Each XIS CCD is equipped with charge injection capability, which may be useful to
measure and even suppress CTIL.

3.1.3.7 Contamination on the OBFs

After the launch of Suzaku, a time and position dependent contamination of the XIS optical
blocking filter (OBF) was found. The source is probably outgassing from the satellite.
The level of contamination increases with time and is different from sensor to sensor. The
Suzaku team investigated possible materials that caused the contamination and found DEHP
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(a kind of rubber), which evaporates in high temperature is a candidate. The composition of
DEHP is CyyH3504, i.e., C/O=6. The time and position dependence of the contamination
thickness has been empirically modeled by the XIS team as shown in Figure 3.16, assuming
C/0O=6. The uncertainties in composition, thickness and position dependence produce the
largest systematic uncertainty on the effective area and response functions, in particular for
diffuse emissions, at the time of this study.

3.1.3.8 On-ground event selection

G rade definition exam ples

S = PerfectSingle
Grade 0)

S+ = S + D etouched Comers
Grade 1) =

V = Vertdcal Single-Sided Split
+ D etouched C omers
Gmde 2)
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R= RightSingle-Sided Split
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A pixel Jargerthan a splitthreshold w hich is not included forthe pulse height com putation

Figure 3.17: Definition of GRADE of CCD events.

Internal (non X-ray) background events can be effectively removed using the pattern
on CCD pixels (GRADE), the position (STATUS) and time of an event. The definition of
GRADE is shown in Figure 3.17. Most of X-ray events take GRADE = 0, 2, 3, 4, or 6. On
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the other hand, most of the events of other GRADEs are dominated by non X-ray events,
and should be excluded. STATUS parameter stores the information of pixel quality of an
event. Known hot pixels, bad CTE columns, flickering pixels, and pixels on the segment
boundaries can be removed by selecting the events with STATUS< 131072. The parameters
used in good time interval (GTI) selection are shown in Table 3.7. The signal to noise ratio
can be improved with an appropreate GTI criteria, indicated in Table 3.7.

Table 3.7: Parameters used in GT1 selection of Suzaku

Parameter Definition Recommended value to use
SAA Whether the satellite was in the SAA® or not eq.0

T_SAA Time after the last SAA duration (s) > 255

ELV Elevetion angle from the Earth limb (degree) > 5

DYE_ELV Elevation angle from the day Earth limb (degree) > 20

COR Cut off rigidity of the cosmic ray (GeV/c/particle) > 8

%: South Atlantic anomaly

3.2 The ACE and WIND satellite for monitoring solar-
wind parameters

3.2.1 ACE satellite

The Advanced Composition Explorer (ACE) was launched August 25, 1997 by a McDonnell-
Douglas Delta II 7920 launch vehicle from the Kennedy Space Center in Florida. ACFE orbits
the Lagrangian 1 point which is a point of Earth-Sun gravitational equilibrium about 1.5
x10° km from the Earth and 1.485 x10® km from the Sun(see Figure 3.18 left). By orbiting
the L1 point, ACF stays in a relatively constant position with respect to the Earth as the
Earth revolves around the sun.

ACFE carries nine major scientific instruments for sampling low-energy particles of so-
lar origin and high-energy galactic particles ; Cosmic Ray Isotope Spectrometer (CRIS);
Electon, Proton, and Alpha Monitor (EPAM); Magnetometer (MAG); Solar Energetic Par-
ticle Ionic Charge Analyzer (SEPICA); Solar Isotope Spectrometer (SIS); Solar Wind Ionic
Charge Spectrometer (SWICS); Solar Wind Ion Mass Spectrometer (SWIMS); Ultra Low
Energy Isotope Spectrometer (ULEIS) and Solar Wind Electon, Proton, and Alpha Moni-
tor (SWEPAM). The spacecraft spins at 5 rpm, with the spin axis generally pointed along
the Earth-sun line and most of the scientific instruments on sunward deck (see Figure 3.18
right). In this thesis, we mainly used the data of SWEPAM on-board ACE for obtaining
the proton density and speed to calculate the proton flux level.

3.2.2 WIND satellite

WIND satellite was launched on November 1, 1994 and is the first of two NASA space-
craft in the Global Geospace Science initiative and part of the International Solar Terrestrial
Physics Project. WIND orbits the Lagrangian 1 point. Wind carries an array of scientific
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Figure 3.18: Left: The orbit of ACE satellite. Earth and Lunar orbit are also shown. Right:
A schematic view of the ACFE satellite, showing the configuration of its onboard instrument.

Figure 3.19: A schematic vies of WIN D satellite.

instruments for measuring the charged particles and electric and magnetic fields that char-
acterize the interplanetary medium, solar wind and a plasma environment. WIND provides
nearly continuous monitoring of the solar wind conditions near Earth. In the WIND data, we
mainly used Solar Wind Experiment (SWE) data, which provides the high time resolution
3 dimensional velocity distributions of the ion component of the solar wind, for ions with
energies ranging from 200 eV to 8.0 keV.






Chapter 4

Observations and Data reduction

4.1 Observations

In order to study soft X-ray diffuse background, we selected the observation fields that are
apart from local diffuse emission structures such as North Polar Spur or Cygnus Superbubble,
and are separated from bright X-ray point sources like X-ray binaries and blazars. The
observation fields analyzed in this paper are shown in Figure 4.1, and observation log and
position are summarized in Tables 4.1 and 4.2, respectively.

GB1428+4217 (ID 1) is the observation for aiming high-z blazar, however the point source
contained in this data is not so bright in the soft energy band where we are interested, and
has no line emission feature in the spectrum. This could have little effect on the soft X-ray
diffuse background emission, thus in data reduction we removed the region which contains
this point source and utilized the outside region which are usually used as a background
region in point source analysis. The detail criteria of point source exclusion is shown in
later.

The directions of PKS2155_0obs1(ID 7) and PKS2155_0bs2(ID 6) are inside the Radio
Loop I. However, the R45 band intensity in the ROSAT map is weaker than that in the
Northern Hemisphere, that is the North Polar Spur, we thus decided to use these observa-
tions. We need to keep it in mind that these regions might be contaminated by emission
from Loop I. Although the emission of these targets may be influenced by the local one, we
analyzed the data since its effect is expected to be small due to their high galactic latitude,
these can be used as a reference of low galactic longitude region.

The emission feature of MBM12 on cloud (ID R1) and Midplane235 (ID R2) are different
from the other observations. MBMI12 on cloud (ID R1) is the observation towards the
molecular cloud MBM12 at the distance estimated to in the range from 60 4 30 to 275 £ 65
pc. Since the column density in this direction is 4 x 10*'cm ™2, whose transmission of O VII
and O VIII emission is ~ 5 % and 10 % respectively, the detected emission thus arise from <
100 pe. As for Midplane235 (ID R2) observation towards galactic latitude b = 0, the column
density in this direction is estimated to 9 x 10%! which is opaque to O viI and O vIII line
emission. The mean free path of O VII emission in this direction is ~ 400 pc assuming the
galactic midplane hydrogen density to be 1 cm™2, this emission is from within 400 pc.

The analysis results of the seven data sets North Ecliptic Pole 1 (NEP1), MBM12 off cloud
(M12off), LMC X-3 Vicinity (LX-3), Off Filament(Off-FIL), On Filament(On-FIL),
MBM12 on cloud (M12on) and Midplane235 (MP235) have been already published. For

41
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data sets M12on and MP235, we simply adopt the results from Masui et al. (2008) since
the data screening criteria and reduction procedure of them are the same as those in this
paper. For data LX-3, all the data reduction done by Yao et al. (2009) is consistent with
that shown in this section. Since Fujimoto et al. (2007) (NEP1, data ID 13) and Smith et al.
(2007b) (M12off, data ID 11) used the data processed with older (version 0.7) software, we
re-analyzed the data from the data reduction.
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Figure 4.1: Suzaku observation fields studied in this thesis are presented as circles, which
are plotted in Aitoff projection of the sky with the Galactic center at the center of the figure

and Galactic longitude increasing to the left. The backside color map is ROSAT R45 band
image.



Table 4.1: Observation log

Data set Obs ID(phase®) Date (start, end) Exposure (ks)
ID Filed Name (Short Name) Total Filtered
1 GB1428+4217 (GB) 701092010(AO1)  ( 2006-06-12T17:11:37 , 2006-06-13T20:00:24 ) ~ 48.7 34.9
2 High latitude B (HL-B) 500027020(SWG) ( 2006-02-17T22:24:49 , 2006-02-20T12:30:24 ) 103.6 29.7
3 FORNAX (FOR) 802040010(A02)  ( 2007-06-29T08:05:04 , 2007-06-29T23:45:14 ) 21.0 16.4
4 Lockman hole 2 (LH-2) 101002010(CAL)  ( 2006-05-17T17:44:06 , 2006-05-19T19:03:18 )  80.4 40.0
5) Lockman hole 1 (LH-1) 100046010(CAL)  ( 2005-11-14T05:41:37 , 2005-11-15T19:55:18 ) 77.0 61.7
6 PKS2155_0bs2* (PKS2) 503083010(A03)  ( 2008-05-02T08:31:41 , 2008-05-04T17:30:19 )  87.3 58.2
7 PKS2155_0bs1* (PKS1) 503082010(A03)  ( 2008-04-29T18:32:39 , 2008-05-02T08:30:08 )  90.2 46.9
8  Off Filament* (Off-FIL) 501001010(A01)  ( 2006-03-01T16:56:01 , 2006-03-02T22:29:14 ) 80.1  59.6
9  On Filament* (On-FIL) 501002010(A0O1)  ( 2006-03-03T20:52:00 , 2006-03-06T08:01:19 ) 101.4 59.2
10  High latitude A (HL-A) 500027010(SWG) ( 2006-02-14T07:01:24 , 2006-02-15T23:08:14 )  73.6 53.2
11 MBMI2 off cloud® (M12off) 501104010(SWG) ( 2006-02-06T'15:33:59 , 2006-02-08T14:50:19 )  75.3 51.0
12 LMC X-3 Vicinity® (LX-3) 500031010(SWG) ( 2006-03-17T14:25:12 , 2006-03-19T22:00:12 )  82.0 56.1
13 North Ecliptic Pole 1¢ (NEP1)  100018010(SWG) ( 2005-09-02T14:43:43 , 2005-09-04T15:00:14 ) 106.2  58.7
14 North Ecliptic Pole 2 ¢ 500026010(SWG)  (2006-02-10T06:08:12 , 2006-02-12T02:00:24 ) 75.6 16.5
15 Low latitude 86-21 (LL21) 502047010(A02)  ( 2007-05-09T01:56:32 , 2007-05-10T23:55:14 ) 81.5 57.0
16  Low latitude 97+10 (LL10) 503075010(A03)  ( 2008-04-15T03:10:45 , 2008-04-16T21:20:14 )  79.8 40.8
R1 MBM12 on cloud® (M120n) 500015010(SWG)  ( 2006-02-03T23:02:29 , 2006-02-06T15:30:18 )  102.9 68.0
R2 Midplane 235¢ (MP235) 502021010(A02)  ( 2007-04-22T20:39:20 , 2007-04-25T10:04:24 ) 89.6 53.0

Results previously published by * Henley & Shelton (2008), ® Smith et al. (2007b), ©
(2007), © Smith et al. (2007b); Masui et al. (2008), f

Yao et al. (2009), ¢

Masui et al. (2008)

Fujimoto et al.

& Observation phase. AO1, AO2, AO3 is for first, second and third announcement of opportunity. SWG is for Science
Working Group. CAL is for calibration observation
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Table 4.2: Position of Observations

CHAPTER 4. OBSERVATIONS AND DATA REDUCTION

ID Filed Name (RA, Dec) (¢,b) (Lon, Lati)

I GB (217.6,42.1) (759,649) (1942,52.7)
2  HLB (38.7,-52.3) (2724,-58.3) (44,-614)

3 FOR (50.0,-321) (230.8,-57.5) (35.2,-48.2)
4 LH2 (162.9,57.3) (149.7,53.2) (137.1,45.1)
5  LH-1 (163.4,57.6) (149.0,53.2) (137.2,45.5)
6 PKS2 (330.2,-30.0) (182,-52.6) (321.7,-16.7)
7 PKSI® (320.2,-30.5) (17.2,-51.9) (320.7,-16.9)
§  OffFIL (50.0,-62.4) (278.7,-47.1) (354.8,-72.6)
9  On-FIL (53.2,-63.5) (278.6,-45.3) (354.1,-74.4)
10 HL-A (246.2,435) (684,444) (2288 ,63.5)
11 MI2off (41.3,18.3) (157.3,-36.8) (445,2.3)

12 LX-3 (83.5,-63.9) (273.4,-32.6) (41.2,-86.2)
13 NEP1 (272.8,66.0) (958,287) (334.8,88.7)
14 NEP2 (272.8,66.0) (958,287) (334.8,88.7)
15 LL21 (332.3,30.2) (86.0,-20.8) (347.6,38.4)
16 LL10 (3118,60.1) (96.6,104)  (0.7,70.6)

R1 MIZon® (44.0,195) (1502, 345) (472,26)

R2 MP235  (113.3,-195) (235.0,0.0) (119.5,-40.6)

2 This direction is near the local emission structure Radio Loop I where the standard
criteria for region selection is inapplicable. It is noted that the emission from this

direction can be possibly affected by the local one.
b The observation is towards the molecular cloud. The line emission of O viI and

O vii1 from this direction is expected to be local within the distance 275 pc.
¢ The observation is towards midplane (b = 0°), the line emission of O vII and

O viir from this direction is expected to be local within ~400 pc.

4.2 Data reduction

4.2.1 Data screening

In all the observations, the XIS was set to the normal clocking mode and the data format
was either 3 x 3 or 5 x 5. The Spaced-raw Charge Injection (SCI) was used for the data
FORNAX(FOR), PKS2155_0bs2(PKS2), PKS2155_0bs1(PKS1), Low latitude 86-21(LL21),
Low latitude 97410 (LL10) and Midplane235 (MP235). We used version 2.0 processed
Suzaku data and the event files of 3 x 3 and 5 x 5 observation mode were merged. As
described in Chapter 3, XIS-BI has a larger effective area than the sum of XIS-FIs below 1
keV. Since we were interested in energy band below 1 keV and in order to avoid increasing
systematic errors by adding different CCD data, only XIS-BI was used for the later analysis.

Although no unpredicted background flare occurs to Suzaku observations, the count rate
of non X-ray events of the XIS depends on the angle of the sight line against the Earth’s
rim. The contamination of the fluorescence lines of the atmosphere of the Earth is significant
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when the field of view (FOV) of the satellite is near the sunlit Earth. In addition, it is known
that the background level becomes extremely high when the satellite is in South Atlantic
Anomaly (SAA) or in regions where the cut-off rigidity (COR) of the cosmic ray is low.
Therefore we first cleaned the data using the selection criteria: elevation from sunlit/dark
earth rim > 20/5 deg, cut off rigidity > 8 GV.

4.2.1.1 Exclusion of the Solar X-ray

Solar X-ray can scatter off the earth’s atmosphere into the telescope, which is either by
Thompson scattering or fluorescence, and could contaminate the spectrum. As Suzaku orbits
the Earth with the fixed pointing, the column density of the atmosphere along the line of
sight, which depends on the elevation of the satellite, varies rapidly and can affects the
intensity of scattered X-ray. As we have great interest in O VII emission lines around 0.56
keV, we checked the dependency of the 0.4 - 0.7 keV counting rate on the Oxygen column
density of the sunlit atmosphere in the line of sight using the MSIS atmosphere model (see
Fujimoto et al. (2007); Smith et al. (2007b); Miller et al. (2008)). As shown in Figure 4.2,
we found that the counting rate was constant as a function of the column density for the
cleaned data. Thus there is no significant neutral O emission from Earth atmosphere in the
filtered data.

4.2.1.2 Exclusion of the geocoronal SWCX

The spectrum below 1 keV could be contaminated by the solar wind charge exchange
(SWCX) induced emission from the geocorona. For some data sets of soft X-ray diffuse
emission observed with Suzaku XIS1, we extracted the spectra sorted by proton flux of solar
wind, and investigated the relation of the threshold of proton flux with O VII line intensity
in the spectrum while proton flux is below the threshold. We found that O vII line intensity
could be affected by geocoronal SWCX when the threshold of proton flux is larger than
4 x 108 protons s~! ecm™2 (see also Mitsuda et al. (2007)). For example, Figure 4.3 is the
comparison of two spectra of High latitude B (HL-B) observation while the proton flux was
higher and lower than 4 x 10® protons s=! em~2 and shows a significant difference between
the two spectra in the energy bins containing the O ViI emission. Therefore, as the last stage
of the data reduction, we removed time intervals in which the data is contaminated by the
SWCX from the geocorona. We calculated the solar-wind proton flux using ACE SWEPAM
data!. The ACE SWEPAM data is not available for certain time periods. In that cases we
used WIND SWE data 2 or OMNI data from CDAWeb (Coordinated Data Analysis Web)
3. The proton flux and XIS-BI light curve in energy range of 0.3-2 keV in each observation
period are shown in Figure 4.4.

In Table 4.3, we summarize the process that we applied to remove the time interval which
are suspected to be contaminated by the SWCX from the geocorona.

For Low latitude 86-21(LL21), Lockman hole 1 (LH-1), Off Filament(Off-FIL),
PKS2155_0bs2(PKS2) and GB1428+4217 (GB), the proton flux was always below 4 x
10® protons s™! em 2. We thus decided to use the whole data(Table 4.3 case (1)).

!The data available at http://www.srl.caltech.edu/ACE/ACS/
2The data available at http://web.mit.edu/afs/athena/org/s/space/www/wind.html
3The data available at http://cdaweb.gsfc.nasa.gov/cdaweb /sp_phys/
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Figure 4.2: The 0.4-0.7 keV count rate of each observation in 256 sec bins as a function

of Oxygen column density of the sunlit atmosphere in the line of sight using the MSIS

atmosphere model (see Fujimoto et al. (2007), Smith et al. (2007b), Miller et al. (2008)).
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On the other hand, for North Ecliptic Pole 1 (NEP1), North Ecliptic Pole 2 (NEP2)
Low latitude 97410 (LL10) , Lockman hole 2 (LH-2), High latitude B (HL-B), LMC X-
3 Vicinity (LX-3), On Filament(On-FIL), PKS2155_0bs1(PKS1) and FORNAX(FOR), the
proton flux exceeded the threshold during a significant fraction of observation time, but
there still remains observation time in which the proton flux was lower than the threshold
(Table 4.3 case (2)). Thus we subdivided those data into two subsets according to the
proton flux, respectively. Then we constructed the energy spectra and compared them.
We found significant (more than 2¢) difference as shown in Figure 4.3 between the two
spectra for five data sets(Table 4.3 case (2a)): High latitude B (HL-B) , Lockman hole 2
(LH-2), North Ecliptic Pole 1 (NEP1), North Ecliptic Pole 2 (NEP2), On Filament(On-FIL)
and PKS2155_0bs1(PKS1). Therefore, for these data sets, we decided to use only the time

intervals in which the proton flux was lower than 4 x 10® protons s™' cm™2.

For the observation of FORNAX(FOR), LMC X-3 Vicinity (LX-3) and Low latitude 97+10

(LL10), we found no significant difference between the two spectra with proton flux is higher
and lower than threshold (Table 4.3 case (2b)).
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The probability of a contamination by the SWCX from the geocorona increases if the
shortest Earth-to-magnetopause (ETM) distance is < 10 Earth radius (Rg) (Fujimoto et al.,
2007). Here, the magnetopause is defined to be the lowest position along the line of sight
where geomagnetic field is open to interplanetary space. We calculated the ETM distance
every 256 s of all the observation periods using the T96 magnetic field model (Tsyganenko
& Sitnov, 2005). We obtained the interplanetary plasma parameters required for the cal-
culations from the CDAWeb. Figure 4.5 shows the calculated ETM distance and position
of magnetopause in GSM coordinates in the observation period of High latitude A(HL-A),
MBM12 off cloud (M12off), LMC X-3 Vicinity (LX-3), Low latitude 97+10 (LL10) and
FORNAX(FOR).

For the FORNAX(FOR), the two spectra while higher and lower proton flux than 4 x
10® protons s™' em~2 do not show the significant difference. The ETM distance always
stayed above ~ 10 Rg during the proton flux above the threshold (Table 4.3 case (2b-1)).
We decided to use the whole data.

During the Low latitude 97410 (LL10) and Off Filament (Off-FIL) observation, the ETM
distance occasionally dropped down to < 10Rg while proton flux are higher than threshold.
We decided to simply discard the time intervals with high proton fluxes, because we still
have enough statistics (Table 4.3 case (2b-2)).

For the High latitude A(HL-A), the proton flux stayed in the range of (4—7) x 10® protons
s7' em™2. Thus we can not compare spectra with low and high proton fluxes. We thus
subdivided both the data according to the ETM distance and created two energy spectra
with the ETM distance = 5 — 10Rg and > 10Rg, respectively. There were small fraction
of data with the ETM distance < 5Rr. We decided to discard them. We found that the
two spectra with different ETM distances show no significant difference (Table 4.3 case (3)).
Thus we will use the data with the ETM distance > 5RE.

For the MBM12 off cloud (M12off), the proton flux stayed at a level of ~ 5 x 10® protons
s~ em™2. In addition, the ETM distance stayed in the range of 7 — 9Rg . Therefore we
cannot compare the spectrum as in the case of High latitude A(HL-A). Considering the
relatively long ETM distance and the moderate proton flux, we decided to use the whole
data (Table 4.3 case (4)). However, we should keep it in mind that two data sets of HL-Aand
M12offcould still be contaminated by the SWCX from the geocorona.

As reported in Yao et al. (2009), the ETM distance for LMC X-3 Vicinity (LX-3) ob-
servation was always longer than 5Rg when the magnetic field is open to the Sun direction
and that it becomes as short as 1.4 Rg when the magnetic field is open to anti-Sun direction
during which however solar-wind particles cannot penetrate (Table 4.3 case (5)). We thus
decided to adopt all the data for this observation.
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Figure 4.3: Energy spectra of High latitude B (HL-B) for the time intervals with solar wind
proton flux higher (filled squares) or lower (open squares) than 4 x 10® protons s™' cm™2.
There are large (> 30) discrepancy between the two spectra in the energy bins containing
O vI1I emissions (~ 0.56 keV).



Table 4.3: Summary of Geocoronal SWCX removal process

(ID) (1) (2) (2a) (2b) (2b-1)  (2b-2)  (3) (4) (5)
1 (GB) o

2 (HL-B) o o

3 (FOR) o o o

4 (LH-2) o o

5 (LH-1) o

8 (Off-FIL) o o o

9 (On-FIL) o

6 (PKS2) o

7 (PKSI) o o

10 (HL-A) o

11 (M120ff ) o

12 (LX—3) O O e}
13 (NEP1) o o

14 (NEP2) o o

15 (LL21) o

16 (LL10) o o o

(1) The solar wind flux was alway < 4 x 10® protons s~! cm™2. All time intervals were adopted.

2) Enough statistics both for high ( > 4 x 10% protons s~! ecm™2) and low solar wind fluxes.

2a) Excess in the high-solar-wind-flux spectrum. Time intervals with high solar wind flux were discarded.

2b) No excess in the high-solar-wind-flux spectrum.

2b-1) Always high ETM distance (> 10Rg) during high solar wind flux. All time intervals were adopted.

(2b-2) Occasionally low ETM distance during high solar wind flux. Time intervals with high solar wind flux were

discarded.
(3) Proton flux stayed at > 4 x 10® protons s™* em™2. No significant difference in spectra with 5Rg < ETM distance <

10Rg and ETM distance > 10Rg. Time intervals with ETM distance < 5Rg were discarded.
(4) The solar wind flux is ~ 5protons s™' em™ and ETM distance is in the range from 7 to 9 Rg. All time intervals

were adopted.
(5)ETM distance was always > 5Rg when the magnetic field is open to the Sun direction and that it becomes as short

as 1.4Rg when the magnetic field is open to anti-Sun direction. All time intervals were adopted.
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4.2.1.3 Exclusion of the point source

We then constructed an X-ray image in 0.3 to 2 keV energy range. For all the data sets
except for Low latitude 97410 (LL10), PKS2155_0bsl (PKS1) and PKS2155_0bs2 (PKS2),
point sources are detected in the field of view. We removed a circular region centered at the
source position from the further analysis. The detected source position and removed radius
are shown in Table B.1. Note that the data of GB1428+4-4217 (GB) is the observation for
high-z blazar. This point source of an intensity of 2.6 x 107! erg s™* cm™2 in the energy
band of 0.3 to 1 keV (22 x 1073 erg s7* em™2 in 1 to 10 keV) was detected at the center of
the field of view. We removed a circular region of a 5 arc minute radius for this observation.
The images in the 0.3-2 keV with point sources removed are shown in Figure 4.6. In all
analysis, we did not exclude the two corners of the image where the calibration sources
Fe illuminates, because it does not affect low energy spectra ( < 1 keV )in which we are
interested and the data can show better statistics.

Point source analysis: LH-2 field as an example

In this section, we show the analysis for point sources in LH-2 field as an example. In
the field of view in the direction of LH-2, two point sources, denoted PS1 and PS2 in
Figure 4.7, are detected. We extracted the spectra of the circular regions at the center of
(1,b) = (149.765, 53.228) and (I,b) = (149.767,53.139) and with the radius of 2 arcmin and
1.5 arcmin for PS1 and PS2, respectively. Then we extracted each background spectrum
of the circular region at which is symmetrical about the region of point source with the
radius of 2 arcmin as shown in Figure 4.7. Each background subtracted spectrum is shown
in Figure 4.8. We fitted the each spectrum with the model which consists of absorbed
power-law (wabs*power-law model) whose photon index is fixed to 1.4 and hydrogen column
density is fixed to that of LH-2 field and unabsorbed thin thermal plasma model (APEC
model) whose temperature and normalization are free. Results are shown in Table 4.4. Flux

in the band of 0.47 — 1.21 keV for PS1 and PS2 were, respectively, 3.3 x107* and 2.2x 10714
erg s~ em™2. We also analyzed the point sources in other observation fields with the same
procedure as above, and the flux in 0.47 - 1.21 keV band are shown in Table B.1. The
counts from the point source outside the circular region is less than 4 % of the diffuse X-ray
emission in 0.47 to 1.21 keV energy range. Thus the contribution of point sources to diffuse

background emission can be ignored in following analysis.

4.2.2 Background and Response

When the FOV of the XRT points at the night Earth where the atmosphere is not illuminated
by the Sun, no X-rays from the source hits the detectors, i.e. all the events are due to charged
particle or the noise of the circuit. The non X-ray background (NXB) spectrum based on this
night Earth data is the background for our analysis. The NXB spectrum was created using
the software of Suzaku FTOOLS xisnxbgen version 2008-03-08 (Tawa et al., 2008). The
NXB spectrum was constructed from the dark Earth database using the standard method in
which the cut off rigidity distributions of the on-source and the background data were made
identical.

We found 5 to 10 % discrepancy in the counting rates above 10 keV energy range between
the non X-ray background and the observation data, suggesting background uncertainty of
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Figure 4.4: XIS-BI light curve in 0.3-2.0 keV (top panel) and solar wind proton flux (bottom
panel) in each observation period calculated using the data of ACE SWEPAM ( 64 sec bin )
or WIND SWE ( 64 sec bin ) or OMNI ( 1 hours average ) from CDAWeb. The origin is set

to the beginning of each observation with Suzaku .

For the data calculated from ACE and

WIND, each bin was shifted in time to correct for the travel time of the solar wind from the

satellites to the Earth (typically ~ 3000 sec).
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Figure 4.4: Continued

this level. However, since in the energy range below 1 keV, the non X-ray background is
only about 10 % of the diffuse X-ray background, this level of the background uncertainty
is negligible.

In order to perform spectrum fitting, we generated the efficiency file (so-called arf file)
for a flat field, using Suzaku FTOOLS xissimarfgen version 2008-04-05 (Ishisaki et al.,
2007) and the file for contamination thickness of ae_xil_contami_20071224.fits, assuming a
20'-radius flat field as the input emission of the generator. The pulse height re-distribution
matrix (so called rmf file) was created by Suzaku FTOOLS xisrmfgen version 2007-05-14.

The data reductions for data sets MBM12 on cloud (M12on) and Midplane235 (MP235)
by Masui et al. (2008) have been done essentially the same methods. Only the difference is
in point source removal of MBM12 on cloud data: this field contains a strong Cataclysmic
Variable, thus its contribution was included in the model function of the spectral fitting,
instead of removing image area contaminated by the source (Smith et al., 2007b; Masui
et al., 2008).
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Figure 4.5: Magnetopause, which is defined to be the lowest position along the line of sight
where geomagnetic field is open to the interplanetary space, in each observation period
as a function of time calculated using T96 magnetic field model* (Tsyganenko & Sitnov
(2005)). Top panel are earth-to-magnetopause distance, second, third and fourth panel are
respectively the x, y, z value of the magnetopause in GSM (Geocentric Solar Magnetosheric®

) coordinates every 256 sec in unit of earth radius Rg . ® The parameters of this model are Geodipole tilt
angle, Solar wind pressure, Dst index, Interplanetary magnetic filed and GSM position of the observation point. P The x-axis
of the GSM coordinate system is defined along the line connecting the center of the Sun to the center of the earth. The origin
is defined at the center of the earth, and ins positive towards the Sun. The y-axis is defined as the cross product of the GSM
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Figure 4.6: XIS 1 images in the 0.3-2 keV band. Point sources are excluded. No point source
was detected in the observation of Low latitude 97410, PKS2155_0obs1 and PKS2155_obs2.
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Figure 4.6: Continued

Table 4.4: Fitting results and flux of two point sources in Lockman hole 2 field with
wabs * power — law + APEC model

wabs*power-law APEC x?/d.o.f Flux?
region® Ny index Norm®  kT(keV)  Norm® erg s7' cm ™2
PS1 0.56 L4 0.055007 040270705 0.137008  9.56/13 3.3701
PS2 0.56 1.4 0.08799 0.71575592 0.067003  2.8/5 2.210

# See in Figure 4.7
b In unit of photons s 'em ™2 keV ™ 'str-'@lkeV.

¢ The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds in

the unit of 10! cm™5 str—1.
4°0.47-1.21 keV range. Error is 68 % confidence range.
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1.4

Figure 4.7: 0.3-2.0 keV XIS1 image of LH-2 field in detector coordinates. Two circles in

green are extracted region as point sources and that in red is the region as the background
for point sources.
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Figure 4.8: Left and right are the spectra and the best-fit model of point sources in LH-2 field
denoted PS1 and PS2 in Figure 4.7, respectively.



Chapter 5

Analysis and Results

5.1 Basics of the spectral fittings

The energy spectra of 16 data sets obtained with Suzaku XIS1 and reduced as described in
Chapter 4 are shown in Figure 5.1. We can clearly see emission lines in all spectra: O VII
(~ 0.56 keV) , O viir (~ 0.65 keV) and/or Ne 1X (~ 0.91 keV). In the energy range below
0.4 keV, there are many complex emission lines that cannot be resolved with the XIS. As
the X-ray diffuse background emission has low surface brightness, the source counts become
comparable to the NXB above ~ 5 keV. Therefore we used the energy spectra in the range
of 0.4 — 5.0 keV for the spectral fittings with models. The production of energy responses are
described in Chapter 4. We used XSPEC v12.4.0 as a fitting tool throughout this Chapter.

We assumed that the observed energy spectra consist of the diffuse X-ray background,
the Cosmic X-ray Background (CXB), and non X-ray background (NXB) which is made
by particles irradiated on the CCD. We firstly evaluate the reproductivity of the CXB and
NXB.

5.1.1 Modeling of the CXB components

The CXB component was included in the spectral fitting as a model function, since the
uniformity of the surface brightness of the CXB is well known. The absorption column
density of the CXB is fixed to the value derived by 21 ¢cm observations (Dickey & Lockman,
1990), "WABS” model in Xspec package are used as the interstellar absorption model which
is photo-electric absorption using Wisconsin cross section(Morrison & McCammon, 1983).
The model of the CXB in 2-10 keV band is a power-law of a photon index of 1.4. The
average of AGN spectra below ~ 1 keV becomes steeper than that above ~ 1 keV (Hasinger
et al., 1993). We thus tried two different models for the CXB: a single power-law model
with a photon index fixed to 1.4, and a double broken power-law model used in Smith et al.
(2007b). The latter model consists of two broken power-law functions with photon indices
of 1.54 and 1.96 below 1.2 keV and a photon index of 1.4 above the energy. We fixed the
normalization of one broken power law component with a low-energy photon index of 1.54 to
5.7 photons s keV~! str™! at 1keV and set the normalization of the other broken power-law
component free.
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5.1.2 Reproductivity of the NXB components

Basically, the NXB component can be reproduced by the averaged spectra when Suzaku
pointed toward the night Earth direction. We follow the formulation by Tawa et al. (2008),
and subtract the estimated background spectra from the observed spectra before the spectral
fitting. This NXB spectrum is basically flat, but contains emission lines at 1.486, 1.740, and
2.123 keV which are considered as fluorescence lines of materials in the instrument (Tawa
et al., 2008). If the reproductivity of these lines are not enough, the subtracted spectra show
spiky structure between 1.3 and 2.1 keV. Therefore, we first fitted the spectrum in the energy
range 1.1 to 5 keV by an absorbed power-law model and narrow Gaussians in order to study
the NXB-residual lines. There can be residual lines at which is different from the centroid
energy of intrinsic NXB line due to the difference of energy resolution. We found that we
needed to include a line at 1.828 keV for High latitude B (HL-B), a line at 2.157 keV for
Low latitude 97410 (LL10) and a line at 1.537 keV for FORNAX(FOR) in order to obtain
an acceptable fit. In the further spectral fits, we include these lines with the parameters
fixed at the best fit values.

Note that if we concentrated on the soft X-ray emission below 1 keV, the best-fit parame-
ters of the soft X-ray emissions derived in later analysis are not sensitive to these structures.
We include these structures to evaluate the errors by reliable x? statistics.

5.1.2.1 Cases of North Ecliptic Pole 1 and North Ecliptic Pole 2

In the observations of North Ecliptic Pole 1 (ID 13, NEP1) and North Ecliptic Pole 2 (ID 14,
NEP2), the observation dates are separated about 5 months from each other, but the aim
points of theirs are same and only the roll angles of satellite were different(See Table 4.1 and
4.2 ). However their normalizations of the CXB component are different from each other
about the XIS-BI (XIS1) data. We also created the other three XIS-FI spectra (XIS0, XIS2
and XIS3 ) of NEP1 and NEP2 and fitted the spectra in the energy range of 2 keV to 5
keV with the absorbed single power-law model whose photon index is fixed to 1.4. Only
the normalization of in XIS-BI spectrum of NEP1 are inconsistent with the other seven
results within the statistical error as shown in Table 5.1. It is hard to consider that the CXB
varies. There is a discrepancy by at most 10 % in the counting rate between source spectrum
and the NXB above 10 keV, therefore 10% uncertainty exists in the NXB level. Although
we corrected the normalization of the NXB within this uncertainty and fitted the spectra of
NEP1 and NEP2 in the same way described above, the inconsistency remained. We divided
the spectrum of NEP1 into the former and the latter half of observation time when proton
flux is in stable, and checked the normalization of them, the normalization of XIS-BI spectra
are still significantly higher than the other three in both spectra of two periods. From these
results, we suspected that the NXB for XIS-BI has the uncertainty not only the counting
rate above 10 keV energy range but also the spectral shape, therefore the NXB spectrum for
XIS-BI of NEP1 could not be reproduced well. This is thought to be valid considering that,
as shown in Figure 3.15, the NXB level of XIS-BI above 10 keV is about 10 times larger than
that in the range of 2 — 5 keV except for emission lines and that the XIS-FIs has low and
stable background than XIS-BI and good reproducibility. Therefore in the analysis of NEP1,
we corrected about 30 % of the NXB level of XIS-BI for NEP1 so that the CXB normalization
of NEP1 become consistent with that of XIS0, XIS2, XIS3 and those of NEP2. It is noted
that all parameters of spectra in the case of uncorrected and corrected normalization of the
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NXB are consistent with each other within the statistical error in the fitting with model 1
and model 2 (listed later). It is important that the line intensities of O vir and O viin with
and without the NXB correction were consistent within statistical error. Finally we checked
the normalization of CXB for all the observations in this thesis with wabs*power-law model
applying the same procedure described above. The normalization of CXB are consistent to
each XIS detector within statistical error(See Table C.1). Thus we do not correct the NXB
level in their analysis except for the NEP1 observation.

Table 5.1: The CXB normalization of NEPland NEP2with single power-law component fit.
NXB level is not corrected.

observation CXB norm* (90% error)

XIS0 XIS1 XIS2 XIS3
NEP1 74 (6.8,8.0) 10.7 (10.0, 11.4) 7.5 (6.9, 8.1) 8.6 (8.0, 9.2)
NEP2 8.1(7.0,9.2) 80(69,91) 85(7.3,9.7) 7.7 (6.6, 8.8)

& The normalization of the power-law function with the wunit of
photons s 'em =2 keV !str'@1keV.

5.2 A simple TAE model

As described in the Chapter 2, soft X-ray diffuse background (SXDB) is considered to consist
of the Solar-wind charge exchange (SWCX) within the Heliosphere, the emission from the
local hot bubble (LHB), transabsorption emission (TAE) within our Galaxy and the Cosmic
X-ray background (CXB). As a start, we try to represent the energy spectra by a simple
model to characterize the soft X-ray emission below 1 keV. Following Smith et al. (2007Db)
and Masui et al. (2008), the (SWCX+LHB) components are modeled by an APEC model
which is the emission spectrum model from diffuse gas in collisional ionization equilibrium
. We do not adopt an absorption by ISM since they come from < a few hundred pc from
the Sun. As for the transabsorption emission (TAE), we adopt an absorbed APEC model
whose HI column density is derived from 21 cm emission line measurements, and which is
also applied for the absorption column for the CXB component. The atomic abundance of
both APEC components, we fixed those to the solar value (Anders & Grevesse, 1989). We
call these models with the double broken power-law CXB model, and with the power-law
CXB model, respectively, model 1 and model 1, respectively. In Tables 5.2 and 5.3 we
summarized the results of the spectral fits. The best fit model functions convolved with the
instrument response are plotted in Figures 5.1 and 5.2 for respective models 1 and 1’. The
best-fit value CXB normalization for each fields are consistent with the past CXB studies
(see compilation by Revnivtsev et al. (2005)) and the fluctuation of it can be understood by
considering the size of field of view.

The temperatures of the two thermal components could not be constrained well for data
HL-B(ID 2) and HL-A(ID 10) with model 1, and for data GB(ID 1) and HL-B(ID 2) for
model 17, because of strong coupling between the two components. In these cases, we fixed
the temperature of the SWCX+LHB components to the average values of other spectra, i.e.,

Thttp://hea-www.harvard.edu/APEC/
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0.120 keV and 0.112 keV, respectively. For data GB(ID 1) and LH-2(ID 4) with model 1,
the existence of the TAE component was not significant. Thus for these two cases we fixed
the temperature of the TAE component to the average value of other spectra (0.264 keV)
except for the data FOR(ID 3), On-FIL(ID 9) and LL10(ID 16), and estimated the upper
limit of the normalization parameter.

Although different fitting procedure was necessary between models 1 and 1’ for data
GB(ID 1), LH-2(ID 4), and HL-A(ID 10) as described above, the best-fit parameter values
of the TAE and SWCX+LHB components determined using different CXB models are con-
sistent to each other within the statistical errors. We performed all the fits shown in this
thesis using two different CXB models. However, since all of those results are consistent
with each other within the statistical errors, we will only show the results with the double
broken power-law model for the CXB for the further analysis.

The resultant y? values were generally good (reduced y? is 0.95 — 1.39 for 59 — 196
degrees of freedom.) The best-fit values of the temperatures of the two thin-thermal models
are contained in a relatively narrow ranges. They are between 0.09 and 0.14 keV for the
LHB + SWCX component and between 0.22 and 0.48 keV for the TAE, except for the TAE
temperature of LL10(ID 16), PKS2(ID 6) and FOR(ID 3).

The temperature of the TAE for data LL10(ID 16) is significantly higher than other spec-
tra and is similar to the temperature (0.77 keV) obtained for MP235(ID R2), the midplane
direction (¢,b) = (235,0), Masui et al. (2008)), which is discussed in Appendix D.

For the data On-FIL(ID 9), the TAE temperature is also significantly high compared
with the other observations. This is because the TAE component is need to have high
temperature or large Neon abundance in order to reproduce the strong Ne 1X emission line
or excess around the Fe-L lines in about 0.7-0.8 keV range shown in the spectrum of On-
FIL(ID 9) with one TAE component. This can lead to the relatively high temperature of
the SWCX+LHB component.
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Table 5.2: Results of three-component (CXB, TAE, SWCX+LHB) spectral fits with the
double broken power-law CXB model (model 1)

Ne® CXBP TAE SWCX+LHB x2/dof
ID (10%cm~2) Norm® kT (keV) Norm? kT (keV)  Norm9
1 (GB) 1.40 58708 0.264° < 1.7° 0.142790%  6.27]7  91.25/92
2 (HL-B) 3.36 2.770% 0.2721909%  1.670%  0.120f 6.873%  94.45/87
3 (For) 1.35 0.610% 0.74570312 15707 0.1431992T 11,6747 65.84/59
4 (LH-2) 0.56 3.610%2 0264 < 1.0° 0.0997997 16313 94.74/99
5 (LH-1) 0.56 56104 047610270 13708 013710011 8.3%3T 154.08/127
6 (PKS2) 1.67 21704 0.237100% 58789 0.0881001F 54771357 107.26/103
7 (PKS1) 1.76 33702 02907003 3.6%10 0.0917551S  53.8T5%%  107.18/90
8 (Off-FIL) 4.19 3.0104 027110018 72tlT 0.118F09%6 255122 173.17/122
9 (On-FIL) 4.61 48102 0.6447558  1.9M05 018275512 7.070T  128.57/117
10 (HL-A) 1.02 49702 02377005 3.5 0.120f 10.0732  141.01/116
11 (M120ff) 8.74 1.8702  0.24510100 9 4434 010270016 2147211 86.27/89
12 (LX-3) 4.67 87102 0.310%9957  6.0112 0.1407993L 9.9l 211.71/196
13 (NEP1) 4.40 3.010% 02441092 9 5tLT 01137959 238%03  158.44/120
14 (NEP2) 4.40 2.8108 027140040 7731 011610020 189713 60.85/55
15 (LL21) 7.24 43752 028475552 6.87%1  0.109700%  24.572%0  105.03/97
16 (LL10) 27.10  2.6700 0.732%07% 15708 0.1167005  6.673%°  86.47/89

# The absorption column densities for the CXB and TAE components were fixed to the
tabulated values that are estimated from Dickey & Lockman (1990)

> Two broken power-law model was adopted. The photon indices below 1.2 keV were fixed
to 1.54 and 1.96 . The normalization of the former index component is fixed to 5.7, and only

the normalization of the other component was allowed to vary.
¢ The normalization of one of the broken power-law components with the unit of

photons s 'em ™2 keV lstr'@1keV. Add 5.7 to obtain the total CXB flux at 1 keV.
4 The emission measure integrated over the line of sight, i.e. (1/47) [nenuds in the unit of

10 em > str—t,
¢ The TAE component was not significant. Thus the upper limit of the normalization was

determined for the temperature fixed to the average of TAE components of other observa-

ions.
Because of the strong coupling between the TAE and LHB+SWCX components, the tem-

peratures of the two components were not well determined. We thus fixed the temperature
of the SWCX-+LHB component to the average values of other observations.
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Table 5.3: Results of three-component (CXB, TAE, SWCX+LHB) spectral fits with the
single power-law CXB model (model 17)

Ne? CXBP TAE SWCX+LHB x2/dof
ID (10%cm=2) Norm® kT (keV) Norm? kT (keV)  Norm¢
1 (GB) 1.40 10.970¢  0.203790% 3.377,  0.112° 81753 89.86/91
2 (HL-B) 3.36 8.0102 0.273%00% 23159 0.112¢ 9.5%2% 96.37/87
3 (FOR) 1.35 6.2108  0.6341038% 16108 0.13979932  12.8F3LT  67.54/59
4 (LH-2) 0.56 8.7700  0.335700%  1.0T5E  0.087T09%  36.47325  89.76/97
5 (LH-1) 0.56 106708 0.354700%  2.5M0C 011670003 15.2%4%  172.90/127
6 (PKS2) 1.67 74104 02461093 6.11ED 0.088T501 60.4112%0 109.73/103
7 (PKS1) 1.76 8.5700  0.2050932 42705 0,090, 63.47524  112.78/90
8 (Off-FIL) 4.19 8.2+04 02731007 7.9t 011579009 28.97>4  178.04/122
9 (On-FIL) 4.61 10.010%  0.626700%  2.1702  0.182%0011  7.8T07  124.99/ 117
10 (HL-A) 1.02 101104 0.242700%  4.9739 0.093199%  27.870%1  142.17/115
11 (M12off 8.74 7.204 02601095 2,728 0101755015 23.97100  86.99/89
12 (LX-3) 4.67 13.4702 030810032 7.6t12 012510020 147758 214.27/196
13 (NEP1) 4.40 81704 0.250709%  9.9tLT (.112099% 96,817 171.74/120
14 (NEP2) 4.40 81107 027510936 g3+29  (.113T9020  21.8F1%2  63.15/55
15 (LL21) 7.24 9.5%02 02871093 76T 010175015 33.5T20 T 104.43 /97
16 (LL10) 27.10 7.970¢  0.716131%  1.7H08 0.118%00% 63715 87.23/89

# The absorption column densities for the CXB and TAE components were fixed

to the tabulated values that are estimated from Dickey & Lockman (1990).
b A power-law model with a photon index of 1.4 was adopted.

¢ The normalization of the power-law function with the

photons s~ 'em ™2 keV~'str'@1keV.
4 The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds in

the unit of 10! cm™5 str—1.
¢ Because of the strong coupling between the TAE and LHB+SWCX components, the tem-

peratures of the two components were not well determined. We thus fixed the temperature
of the SWCX-+LHB component to the average values of other observations.

unit  of
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Figure 5.1: Spectra (crosses), best-fit model and its components (step functions) convolved
with the instrument response function and residuals of the fit (bottom panels). The model
function consists of three spectral components (CXB, TAE, SWCX+LHB). The CXB com-
ponent was represented by a double broken power-law model (model 1). See Table 5.2 for
parameters.
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Figure 5.2: Spectra (crosses), best-fit model and its components (step functions) convolved
with the instrument response function and residuals of the fit (bottom panels). The model
function consists of three spectral components. The CXB component was represented by a
single power-law model (model 1’). See Table 5.3 for parameters.
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5.2.1 Evaluation of the apparent intensities of emission line

The surface brightness of O vii Ka and O viit Ka emissions are evaluated with an application
of this simple model. We will replace the APEC models in model 1 with the VAPEC models ,
in which abundance can be varied by elements. We set the abundance of Oxygen to be 0 and
add two Gaussian functions that represent O vili Ka and O viit Ka emissions, respectively.
The intrinsic width of the Gaussian functions are set to be small enough compared to the
detector energy resolution. The temperatures of these VAPEC components (SWCX+LHB,
TAE) are set to the best-fit value of the model 1, and the centroid energies, the surface
brightness without convolved by the ISM absorption are derived by the spectral fitting. The
normalization of the CXB, the SWCX+LHB and the TAE are also renormalized. We set
the intensities of the TAE component to 0 for data GB(ID 1) and LH-2(ID 4), because we
obtained only the upper limit. Then the surface brightness of a line is calculated from the
best-fit value of the Gaussian normalization. In Table 5.4 and Figure 5.3, we summarize
the results of spectral fits. The centroid energy of O viil had to be fixed to the theoretical
value for data LH-2(ID 4), because we obtained only the upper limit for this data. For data
FOR(ID 3), the centroid energy of O viiI line had to be fixed as for data LH-2(ID 4) in order
not to blend with O viI line. Except for these cases, the centroid energies are consistently
determined with the average energy of O vii Ka and O viil Ka emission lines from thermal
plasma in collisional equilibrium within the systematic errors of energy scale calibration (5
eV, Koyama et al. (2007), also see Section 3.1)

5.2.1.1 Possible systematic error for the determination of line intensities

In the following, we check the systematic uncertainties in the estimation of O vir and O viII
line intensities.

1. CXB modeling
The spectral shape of continuum component below 1 keV can affect the estimation of
line intensity. We estimated the line intensity using a single power-law with photon
index fixed to 1.4 for CXB ( model 1’). The best-fit values of the O vir O viir line
intensities are at most 10 % higher than those by the double broken power-law model
for CXB, which are within the statistical error (See Table E.1 for parameters ).

2. NXB level

The uncertainty of non X-ray background level can affect the estimation of line inten-
sity. Between the source spectrum and the non X-ray background above 10 keV in
which all the counts are considered as background, there is a discrepancy by at most
10 % in the count rate. This means that 10 % uncertainty exists in the NXB level.
The NXB level, however, is 10 % of the source spectrum below 1 keV range, therefore
does not affect the line intensity estimation.

On the other hand, NXB level of XIS-BI in the range below 10 keV can have larger
uncertainty than that above 10 keV. As shown in Section 5.1.2.1, NXB level of XIS-
BI for NEP1 field is larger than that of other XIS-FI sensors. We corrected 30 % of
NXB level to be consistent to that of XIS-FIs in the spectral fitting. However, the
O vir and O VIII line intensities are 8.9%0% LU and 3.4753 LU for corrected NXB case,
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respectively, 8.770% LU and 3.2703 LU for not corrected case. Thus the systematic
error for the line intensities are within the statistical error. We also checked NXB level
of XIS-BI and XIS-FI sensors for each observation field, and confirmed that they are
consistent.

. Energy resolution:

There is an uncertainty in the calibration of the XIS energy resolution. In order to
take the degradation of energy resolution from the calibration data into account, we
first fitted the spectra with the double broken power-law model (model 1) multiplied
by the gaussian smoothing model gsmooth in XSPEC whose width does not depend on
energy. The best-fit values of the gaussian width of gsmooth are less than 10 eV. We
determined the statistic error for the width except for the data HL-B(ID 2), FOR(ID
3), PKSI(ID 7), On-FIL(ID 9) and LL10(ID 16), whose statics around the O viI and
O il lines is poor to determine the error. Then we estimated the surface brightness
using this model with the sigma of gsmooth fixed to upper limit of the 90 % confidence
obtained above. The best-fit values of O viI and O viir surface brightness are within
the 90 % statistical error of those by the model 1 without smoothing.

. Contamination thickness

The degradation of low energy efficiency due to the contamination on the XIS optical
blocking filter was included in the arf file. The gradient of the contaminant thickness
over the optical blocking filter is also taken into account. The uncertainty in the
contaminant thickness can have large influence on the estimation of O vir and O viII
intensity. Systematic errors in the contaminant thickness are estimated to be about
10 % (Chapter 3.1, see also Fujimoto et al. (2007) for early data and Yamasaki et al.
(2008b) for recent data).

We performed all the same analysis to obtain the line intensities described in the
previous section for 10% thicker and thinner contaminants than nominal value. Because
the contaminant thickness is gradually increasing with time, we created the arf files
of 10% thicker or thiner contaminants by shifting the observation dates from the real
dates changing the input parameter 'date-obs’ in zissimarfgen script, except for the 10
% thicker cases of the data of PKS2(ID 6), PKS1(ID 7), LL21(ID 15) and LL10(ID
16). For the four cases, the +10 % thickness is larger than that of the most recent
date in the latest calibration database. We thus added an absorption model in the
model spectra to represent the extra contamination. For all data set, we found that
the best-fit parameters when we assume +10 % thickness changes within the 90 %
statistical errors(See Table E.2). Among the parameters, the O VII emission intensity
is most sensitive to the contaminant thickness. The O VII emission intensity varied at
most by 0.6 LU (LU = photons s~ 'cm~2str~! for Off-FIL(ID 8) data, which is smaller
than the statistical errors (See Table E.3).

. Contamination of O vir Kg line in O VIII line

The uncertainty of line intensity ratio of O vir K8 to O vii Ka that is expected by
model and used in excluding the contamination of O vit K3 to O viir line can affect
the O vIII line intensity. We estimated O VIII intensity using the O vit K3/O vir Ko
of 0.04 for collisional ionization equilibrium plasma at 0.1 keV and 0.08 for solar wind
charge exchange(SWCX). The best-fit value of O VvIiI line intensities are at most 10 %
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higher and lower for the case of plasma at 0.1 keV and SWCX, respectively, which are
within the statistical errors.

As a consequence, the systematic uncertainties above does not affect the results of O vir and
O viir surface brightness.
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Figure 5.3: Spectra (crosses), best-fit model and its components (step functions) convolved
with the instrument response function and residuals of the fit (bottom panels). The model
function consists of three spectral components (CXB, TAE, SWCX+LHB) and gaussian lines
to determine O vir and O vir and/or Ne 1X lines. The CXB component was represented
by a double broken power-law model and the abundance oxygen and/or Neon in TAE and
SWCX+LHB model are set to be 0. See Table 5.4 for parameters.



5.2. A SIMPLE TAE MODEL

PKS52155 obsl (ID 7)

L 01 **Hﬂf*#ﬂm - E
s D Wﬂu it
Boos |11 ‘-ﬁﬁﬁﬁ%w
£ L A %ﬂ
AT ORI
XQJﬂWW%%WMW%Mﬁ
-4 ‘ ‘ ]
o Ilznergy(kev)2
On Fllament (ID 9)
. 0.1 8 g W{Lﬁwﬁﬁu -
¢ ﬂ”;,@ %&Wﬁ*%w ]
%0.01 * j jJ‘ **ﬂﬂfﬁ%ﬁ Mﬁmg
S ‘71‘7““ 53‘!’3‘ ‘! ‘: ‘ R ;HW
103 :ﬁi; r“‘}: ;‘:Ew ‘* Lri “w | | |
A T
K ﬂﬁ%% Mﬁ“”ﬁWWW%W % Mﬂ m
-4 . e . : '
o }Energy(keV)2
MBMIQ oﬂ' clPu(i (ID 11)
01 ﬁ** 3
3 : h *‘**ﬁ ittt i
oo il i
R
108 Ll ‘d -l
2
by i + HHMW
- ﬁﬂm Lt Pt
_4 L L L L L
0.5 2

|
1
Energy(keV)

o
o

counts seeé keV!
o
o
|_\

103
2

0.1 14

counts csjeé kev1
o
H

=
N‘?,,

0.1 :

Figure 5.3: Continued

Off Filament (ID 8)

7

| ++% it
+ +
t o ﬂhwﬁﬁr*ﬂ

%
S ’Eﬁwwﬁ A
oy ‘t’*F ”W*’**H

Energy(keV)
ngh latltude A (ID 10)

ﬁ% w
i
,# " uw Wﬁﬁﬁw W

[ 1o
Er 2] \
Erbal ! . .
R Seelnl
[ U RN
L S [ IR £ 15 2
C r‘ﬂ ‘\ a Ll i
|- l“ N
r Rt

TN

-

:‘w“m}‘ f} +
fh%ﬁ%& wWﬂWﬁ

0.5 1 2
Energy(keV)

LMC X — 3 Vicinity (ID 12)

b , o
I ;fwﬁw W, | E
Wi i‘iiw%ﬁh*ﬂwm .
7a“w‘ ‘ Lo {}Hwﬁ W m
T H W | E
3 "F T 1| . *| | | } |
3 R e ol B
%WWWWWWWWWWWMWM
05 1 2
Energy(keV)



78

counts see kev!

o
o

counts seeé keV!

North Ecliptic Pole 1 (ID 13)

Energy(keV)

Low latitude 86 —21 (ID 15)

Energy(keV)

CHAPTER 5. ANALYSIS AND RESULTS

counts see keV!

0.1

counts (sDefé keV1
o
[y

(=Y
N

Figure 5.3: Continued

North Ecliptic Pole 2 (ID 14)

#H ﬂﬂ# #ﬁﬁ% W Hﬂﬂﬁ t Wﬁﬂ%

0.5 1 2
Energy(keV)
Low latitude ?7 +10 (ID 16)
Hﬁﬁﬁ ?ﬁjﬁ ﬁﬁ%ﬁw’wﬂw H ¥
[
=it I L B |
ot IR
S ﬁwﬁwwwmwwW%WW@
015 o ‘Z‘I. é | —
Energy(keV)



5.2. A SIMPLE TAE MODEL

79

Table 5.4: Results of spectral fits to determine O viI and O VIII line intensities with broken-
power-law CXB model.

CXB* TAE*® SWCX+LHBP O vir O viIr x?/dof
1D Norm®  Norm4 Norm? Centroid SB¢ Centroid SBe
1 (GB) 57708 - 45758 0.56070:00a 3.6779 0.664700;c 1.0£0.5  83.19/87
2 (HL-B) 24108 1.9%18 14.9724 0.56070 9% 23707 0.65470019 1.14£0.4  80.06/80
3 (For) 05705  1.8707 26.3793 0.568T001%  50tLl 0654 12757 61.69/58
4 (LH-2) 3.670% - 18.379, 0.568T0 008 2,570 0.654 <0.6  93.58/97
5 (LH-1) 5.670°  1.2107 11.8732 0.56270-05%  4.1752  0.65970515  0.840.3 124.53/ 92
6 (PKS2) 22701 g4f23 616775 0.56770002  6.370%  0.648700%¢  2.5T0%  105.03/99
7 (PKS1) 34702 46713 65.77150 0.574T0008  5.9708  0.65670 05 1.370%  103.12/86
8 (Of-FIL)  2.870%  7.5713 273753 0.566T0 00,  9.370%  0.6527000%  3.010%  148.84/118
9 (On-FIL) 5.3%52 2.9%0¢ 11.2%33 0.56470907  5.6700  0.660T0 000  2.2%5%  117.55/113
10 (HL-A)  5.0702  4.9757 13.7157 0.56470007  4.570%  0.64770007T  1.9+0.4  134.71/111
11 (M120off) 1.9702 29731 24.3732 056470007 44705 0.66270 015 0.9+£0.3  79.05/85
12 (LX-3) 88702 7.3%12 11.9773 0.57010:001  6.0707  0.65470 000  2.240.4  206.76/192
13 (NEP1) 31703 134120 29.1155 0.567T0 007 8.9702 0.653T000, 3.410%  165.23/116
14 (NEP2) 34708 82725 251773 0.568T000¢  7.0711  0.6561500%  3.015%  56.20/51
15 (LL21) 46702 84111 27.3%72 0.568 0 00s  6.4705 0.65270010 2.2+0.5 108.14 /93
16 (LL10)  2.670% 17707 10.575°8 0.5547001%0 17702 0.64275023  0.510%  80.63/87

& The absorption column densities for the CXB and TAE components were fixed to the values

tabulated in Table 5.2

b The temperature of TAE and SWCX+LHB components were fixed to the best fit values tabu-
lated in Table 5.2. The O abundance of the both components was set to 0 in the fits.

¢ The unit is photons s~ 'em™2 keV ™ 'str—1@1keV.

4 The emission measure integrated over the line of sight ,i.e. (1/47) [nenuds in the unit of

1044 cm 5 strt.

¢ Surface brightness in the unit of LU =photons s~ cm ™2 str—'.
f The centroid energy was fixed to O viiI Ko line energy to obtain the upper limit of the intensity.
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5.3 A 7floor” of the Oy line intensity and an uniform
temperature component

5.3.1 Correlation between Ovyy; and Ovyypp lines

In Figure 5.5, we plot the derived O VIII emission intensity as a function of the O VII intensity,
and include the data points for M12on and MP235 from Masui et al. (2008). It is noted that
the evaluated O VIII line intensities in Table 5.4 has a contribution from O vi1 K3 since XIS
cannot resolve the O viil Ko (654 V) and O vii K (666 ¢V) lines. Therefore, O viII line
intensities in Figure 5.5 are corrected by using the line intensity ratio of O vit K3 to O viI
Ka of 0.06 that is expected by collisional ionization equilibrium model (APEC model) at
0.2 keV and O vir K« line intensities in Table 5.4.

In Figure 5.5, we notice two remarkable characteristics. First, there is a floor in the O viI
intensity at ~ 2 LU. Second, all the data points except for three (HL-B, MP235, and LL10)
approximately follow the relation (O viII intensity) = 0.5 x [ (O VII intensity) - 2 LU].
Masui et al. (2008) proposed that the O vIiI emission line of the midplane field, MP235, is
associated with a ~ 0.8 keV component that may arise from faint young dM stars in the
Galactic disk. As we discuss later, the low latitude field at b = 10°, LL10, is also considered
to contain emission of similar origin. Such high temperature emission produces little O vII.

We thus consider that the floor of O VII emission and the strong correlation between
additional O vir and O VIII intensities suggest two different origins for the O VII emission.
The second component emits O vil and O VIII with an intensity ratio of about 2 to 1 and
shows point-to-point variations of ~ 0 to ~ 7 LU in O vII intensity. The lines in Figure 5.5
show O viII - O VIII intensity relations for different temperatures and absorption column
densities. In calculating these lines, we summed up the intensities of the forbidden (561
eV), inter-combination (568 eV) and resonance (574 eV) lines as the O viI line intensity,
and O viil Ka (654 €V) as O vil line intensity using the absorbed thin thermal model
(WABSxAPEC) model in XSPEC as to the various temperature and absorption column
density, since XIS observed the blend of these lines. We have assumed 2.1 LU as the O viI
floor intensity, using the value for the midplane field (MP235). The lines suggest that the
average temperatures along each line of sight of the plasmas emitting the O VIII emission
and the O VII emission above the floor are in a relatively narrow range of k7" ~ 0.19 to
0.23 keV if they are arising from collisionally equilibrium plasma in spite of the large O viI
intensity variations (~ 0 to ~ 7 LU).

5.3.2 Latitude dependence of Oy and Oy emission lines

In Figure 5.4, we plotted the O vir and O VIII emission intensities as a functions of absolute
Ecliptic latitude (top panel) and absolute Galactic latitude |b| (bottom panel). The two
data points marked with an open circle are M12on and MP235. If the main origin of the
O vir is the SWCX, we expect a correlation between the intensity and the ecliptic latitude.
Solar activity affects the solar wind densities and ionization temperature. Near the solar
maximum, the slow solar winds which have high ionization temperatures and high densities
are ejected from the sun resulting in stronger SWCX induced O viI and O VIII emissions
(Koutroumpa et al., 2006) than in solar minimum. Near the solar minimum, slow solar winds
are emitted from the equator region of the sun, and high speed, low-density, low-ionization-
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temperature winds are emitted from the high latitude region of the sun. As the results,
in solar minimum, the SWCX induced X-ray emission from the Heliosphere is expected to
be stronger near the ecliptic equator than in high ecliptic latitude areas. The observed
O viI intensity in Figure 5.4 does not show such a dependence at all. Therefor, it can be
interpreted that the spatially dependent components of O VII is associated with the TAE
component and not with the SWCX. It is, however, not seen in Figure 5.4 (a). Figure 5.4
(b) suggests that the O vir and O VIII emission intensities are enhanced in 20° < b < 50°.
The low intensities of two data points at low latitude can be due to high absorption column
density. Since there are only four data points with b > 50°, we need more observations to
conclude low emission intensities in high latitude. The spatially variable ~ 0.2 keV emission
component is likely related to the Galactic TAE.

5.3.3 Temporal variation of the Oy floor

The remaining component which corresponds to the floor of O VII emission is most likely
from the Heliospheric SWCX and the LHB. As shown in Figure 5.5, O vIiI surface brightness
of NEP1 and NEP2 are consistent within statistical error, on the other hand, there is more
than ~ 1 LU difference of the surface brightness of O vii. Considering that the date of
observation is different but the aiming point is same in the NEP1 and NEP2 observation,
the difference of O VII intensity is thus thought to be caused by the temporal variability of
the SWCX within the Heliosphere.

The O viI emission intensities of the five fields on the floor of in Figure 5.5 are in the range
of 2-3 LU. These results indicate that the O ViI intensity in the SWCX+LHB component
contain temporal and spatial variations of the order of 1 LU.

5.3.4 The value of Oy floor

The fitting of the O viI vs O vIil in Figure 5.5 excluding the data points of MP235, LLL10 and
HL-B with a linear function showed that slope and offset are 0.5 + 0.1 and 0.9 + 0.3 LU,
respectively, and that O ViI line intensity at which O vii1 corresponds to 0 LU (i.e. floor)
is 1.9 + 0.7 LU. The O virI line intensities of MP235, LLL10 and M12on whose mean free
path of O VII emission line is a few hundred pc are consistent with floor value, therefore,
the emission in these direction is thought to arise from heliospheric SWCX. The O vi1I line
intensity induced by heliospheric SWCX is suggested to have a time variability of ~ 1 LU
from the observation of NEP1 and NEP2. These indicate that O viI floor value is ~ 2 + 1
LU.

5.4 Separation of the TAE and SWCX+LHB compo-
nents

If the emission which makes a ”floor” of the O Vi1 line intensity comes from the LHB+SWCX,
and the emission which include O vir and O vIiI lines with a fixed ratio indicates a uniform-
temperature (kKT ~ 0.2 keV) ISM in the Galaxy, we expect a constant temperature normal-
ization for the SWCX+LHB component and a constant temperature for the TAE component.
However, the results of the spectral fits shown in Table 5.2 (and Table 5.3) do not show



82 CHAPTER 5. ANALYSIS AND RESULTS

(a)
10 i I I I I I ]
Owi t ¥
3 f
3 # + C
¢ o i + ]
£ t |
k=2 o
: bt
E I
a 0O I I I I I
4 Owviil ol
¢
2 L ; t ‘ + $
¢ + ) ¢ + + ¢ +
0 1 © . l . A l . l
0 20 40 60 80
|Ecliptic Latitude| (deg)
(b)
10 i [ T [ T [ T [ T [ ]
Ovi ; ¢
=)
2 t + #
2 5| + t * i
§ N S +
=y <D
s [y ty
g
a O I I I I = I
4 own ; |
¢
2 L ) ¢ +¢ + _
o ' ¢ +¢ * ¢
0 l . l  © LW l . l
0 20 40 60 80

|Galactic Latitude| (deg)

Figure 5.4: O vir and O VIII line emission intensities as a function of absolute ecliptic latitude
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such tendency. The O vII emission intensities of the SWCX+LHB component estimated
using the best-fit parameters in Table 5.2 vary from 2 to 5.5 LU. The temperature of the
TAE component is significantly higher than 0.2 keV and is far from constant.

The discrepancy is caused by the Fe and Ne emission lines. When we fixed the abundances
(Fe to O, and Ne to O ratios) of the hot gas in the spectral fits, the temperature of the TAE
component was mostly determined by Fe-L and/or Ne-K emission rather than O emission.
Then the temperature and the intensity of the SWCX-+LHB component was optimized to fill
the remaining emission. We will now try fixing the temperature and the normalization of the
SWCX+LHB component, and allowing the Ne and Fe abundances of the TAE component
to vary to see if we can still get good fits and if the temperatures of the second component
will be closer to 0.2 keV. This is called as "model 2”.

5.4.1 Modeling of the SWCX+LHB component

Among the five data points at the floor of O viI in Figure 5.5, M12on, MP235, and LL10 are
on special directions, since MBM-12 cloud blocks the TAE, and since no TAE is expected in
midplane directions and LL10 field also has a large Galactic absorption. Thus the intensities
in these two directions can be regarded as the O ViI emission only from SWCX+LHB.

The temperature and the normalization (emission measure) of the SWCX+LHB com-
ponents are, respectively, 0.109709% keV and 13.475} cm™ str~! for MBM12 on cloud (ID
R1), and 0.1057003) keV and 14.1752 cm™ str~! for the midplane direction (Midplane235
). These values are also consistent with the parameters assumed for the model fitting for
LMC X-3 Vicinity (ID 12) by Yao et al. (2009) (0.103 keV and 18.4 cm ™ str~!), which were
derived from previous XMM-Newton and Suzaku observations of directions with absorption
gas.

5.4.2 Variable abundance TAE model

Thus in following we fitted the spectra using the three component model (CXB, TAE,
SWCX+LHB) with both the temperature and the normalization of the SWCX+LHB com-
ponent fixed, and instead, the Ne and Fe abundances of the TAE component varied. As the
nominal SWCX+LHB parameters we adopted the best-fit values of the midplane observa-
tion (KT = 0.105 keV and an emission measure of 14.1 x 10 cm™®str=!) because the O viI
emission intensity of this observation is the lowest among the 17 spectra.

In Table 5.5 and Figure 5.6 we show the results of the fits. The y? values are generally
good with the reduced x? values in the range of 0.95 — 1.34 for the degrees of freedom of 61
— 196, although most of them are larger than those for the fit with the first model shown in
Table 5.5. For six spectra GB (ID 1), HL-B (ID 2), FOR (ID 3), PKS1 (ID 7), M12off (ID
11) and LL10 (ID 16), the abundances were not constrained. We thus fixed them to the solar
value. For data LH-2 (ID 4), the existence of the TAE was not significant. We estimated the
upper limit of the intensity fixing the temperature to the average value of the other spectra.
Excluding HL-B and LL10, the temperature of the TAE component is in the range of 0.18
to 0.24 keV with an average of 0.22 keV, which is significantly lower than the temperatures
obtained by the model 1.

As noted in Section 5.3.3, there can be an uncertainty of the intensity of heliospheric
SWCX emission about 1 LU. Then we check the influence of this uncertainty by changing
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the normalization of the SWCX+LHB component to 50 % of the nominal (model 2’) and
150 % (model 2”), which corresponds to O viI line intensity of 1 LU and 3LU, respectively.
The fitting results with model 2’ and 2” are shown in Table 5.6 and 5.7. In the case of model
2’ the temperature of TAE component is in the range of 0.15 keV to 0.22 keV with an
average of 0.19 keV. In the case of model 2”7, excluding the case of LH-1, the temperature of
TAE component is in the range of 0.19 keV to 0.30 keV with an average 0.26 keV. Thus there
is uncertainty of the temperature of TAE component about 0.04 keV as to the heliospheric
SWCX emission.
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Figure 5.6: Observed spectra (crosses), best-fit model and its components (step functions)
convolved with the instrument response function and residuals of the fit (bottom panels)
are respectively shown. Results of three-component (CXB, TAE, SWCX+LHB) spectral fit
with SWCX+LHB component fixed and with double broken power law CXB (model 2). See

Table 5

.5 for parameters.
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Table 5.5: Results of three-component (CXB, TAE, SWCX+LHB) spectral fit with
SWCX+LHB component fixed and with double broken power law CXB (model 2). The
temperature and normalization of SWCX+LHB component are fixed to 0.105 keV and 14.1
10" cm™® str=! which is the best-fit value of Midplane235.

D Ng*  CXBP TAE X2/ dof
10%m~2 Norm® kT (keV) Ne Fe Norm¢?
1 (GB) 140  5.60507 0.22277 068 1¢ I° .27 95.12/92
2 (HL-B)* 336 25702 0.29670 0% 1° 1° 16707  95.14/88
3 (For)* 1.35 1.210%  0.2427002% 1° 1° 44118 72.67/61
4 (LH-2) 056 35104 0217 1° 1° <06  95.33/100
5 (LH-1) 0.56  5.6102 0.237703%  3.79%50y 24971380 2.0700  162.31/127
6 (PKS2) 1.67 22707 0.198%0010  1.77EiR,  1.22%03  7.970  121.74/103
7 (PKS1) 176 3.9702 0.198%00% 1€ 1¢ 65711  131.85/92
8 (Off-FIL) 419 31707 018170008 3.53T0%0 29971 153711 159.33/122
9 (On-FIL) 461 50707 023970057 3467175 1.88T55r  5.2700  130.94/117
10 (HL-A) 1.02  4.9792 02437003 091759 051%5.8 43705 138.89/115
11 (M12off) 874  2.07541 0.184+002 1€ 1¢ 4.9%13  89.83/91
12 (LX-3) 4.67 88707 0.213700:0  3.0457F 31208 7.7HE 0 210.94/196
13 (NEP1) 4.40 32705 019179000 2.09705  1.697012  15.3709  164.60/120
14 (NEP2) 440 34707 02061001 2.65T737 1597172 10.8F1%  57.94/55
15 (LL21) 7.24 471902 019370010 2.00%04  2.88T3%%  11.1tT 112.77/97
16 (LL10)* 27.10 25007 0.742407% 1€ 1¢ 1.5T07  97.54/91

* A fixed gaussian model as NXB-residual line is added at 1.828 keV, 2.157 keV, 1.537 keV
for ID 2, ID 3 and ID 16, respectively.
@ The absorption column densities for the CXB and TAE components were fixed to the

tabulated values.
Two broken power-law model was adopted. The photon indices below 1.2 keV were fixed

to 1.54 and 1.96. The normalization of the former index component is fixed to 5.7, and only
the normalization of the other component was allowed to vary.

¢ The normalization of one of the broken power-law components with the unit of
photons s 'em ™2 keV 'str'@1lkeV. Add 5.7 to obtain the total flux at 1 keV.

4 The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds in the unit of
10 em=> str—1.

¢ The abundance was not constrained well, thus fixed to the solar value.



90 CHAPTER 5. ANALYSIS AND RESULTS

Table 5.6: Results of three-component (CXB, TAE, SWCX+LHB) spectral fit with
SWCX+LHB component fixed and with double broken power law CXB (model 2’). The
temperature and normalization of SWCX+LHB component are fixed to 0.105 keV and 7.0
x10™ ecm™® str~! which is the half of the best-fit value of Midplane235.

D Ng®  CXBP TAE x2/dof
10®%m~2 Norm® kT (keV) Ne Fe Norm?

1 (GB) 140  5.670° 0.18177 050 I° 1° 3.0707  90.94/92
2 (HL-B)* 336 2.7108  0.22670 0% 1¢ 1€ 2.670%  93.39/88
3 (For)* 1.35  1.679% 0.189700) 1° 1 6.7718  75.74/61
4 (LH-2) 056 3502 0185 1 1° 1.410%  97.96/100
5 (LH-1) 0.56  6.2107 0.188700;7 1¢ 1€ 3.870%  175.50/129
6 (PKS2) 1.67 24151 0.190700% 1¢ 1° 10.0719  134.19/105
7 (PKS1) 176 3.9702 0.1837001% 1¢ 1¢ 8.7t 141.54/92
8 (Off-FIL) 419 32107 0162190018 4.28T0ar 6.947307 20.1152  165.87/122
9 (On-FIL) 4.61 52102 019810018 4127197 3.227170 7.3F10 126.06/117

10 (HL-A) 1.02 51702 0.19770018  1.18T05 1.057598  5.8T0%  142.17/115
11 (M120ff) 874 21751 0.146100% 1¢ 1€ 123728 95.31/91
12 (LX-3) 4.67  8.970% 0.19070017 3.2170ds 4.197%2 10.67}1 208.68/196
13 (NEP1) 440 3.3%03 018170008 218703 2.22%020 181705 183.33/120
14 (NEP2) 4.40 35107 019110015 2.74T10y 19773 13,6715 60.89/55
15 (LL21) 724 ATRE 007700 215700 474752 14.6%3T  117.68/97
16 (LL10)* 2710  2.6%07 0.71610 1% 1¢ 1€ 1.6797T  89.50/91

* A fixed gaussian model as NXB-residual line is added at 1.828 keV, 2.157 keV, 1.537 keV
for ID 2, ID 3 and ID 16, respectively.

@ The absorption column densities for the CXB and TAE components were fixed to the

tabulated values.
Two broken power-law model was adopted. The photon indices below 1.2 keV were fixed

to 1.54 and 1.96 . The normalization of the former index component is fixed to 5.7, and only

the normalization of the other component was allowed to vary.

¢ The normalization of one of the broken power-law components with the unit of
photons s 'em™2 keV str'@1lkeV. Add 5.7 to obtain the total flux at 1 keV.

4 The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds in the unit of

10" em~® str L. )
¢ The abundance was not constrained well, thus fixed to the solar value.




5.4. SEPARATION OF THE TAE AND SWCX+LHB COMPONENTS 91

Table 5.7: Results of three-component (CXB, TAE, SWCX+LHB) spectral fit with
SWCX+LHB component fixed and with double broken power law CXB (model 2”). The
temperature and normalization of SWCX+LHB component are fixed to 0.105 keV and 21.2
%10 ecm™® str~! which is the 1.5 times best-fit value of Midplane235.

D Ny CXBP TAE x2/dof
10®%cm~2 Norm® kT (keV) Ne Fe Norm?

1 (GB) 1.40 54757 0.262 1° 1° <12 109.66/93
2 (HL-B)* 336 2.6%0¢ 0.262 1€ 1€ < 1.3 129.51/89
3 (For)* 1.35 10705 0.304%00% 1€ 1° 3.2717  68.63/61

4 (LH-2) 0.56  3.270% 0.262 1€ 1° < 0.3  113.95/100
5 (LH-1) 0.56 52702  0.398T05e0 1° 1° 17198 175.55/129
6 (PKS2) 1.67 22701 0.2317008 1¢ 1° 5.970%  115.02/105
7 (PKS1) 176 3.6702  0.24870025 1 1€ 45109 119.22/92
8 (Off-FIL) 419 3.0107 0193190000 3.3670%  2.17H33L 12,501 153.77/122
9 (On-FIL) 461 47707 029010050 3.00115% 126154 4.2777  148.68/117
10 (HL-A) 1.02 47702 0.26970 05 1° 1° 3.0705  147.57/117
11 (M120ff) 874  1.8702 0.27475:06 1¢ 1€ 19708 86.78/91

12 (LX-3) 4.67 86707 02581003 221703 1587035 6.577  217.84/196
13 (NEP1) 4.40 3.1?8]2 0'205%%% 2.02281;3552 1.40;%;;% 12.4;18;73 154.13/120
i) 72 45t oastil ol Tiedd sarll wmss
16 (LL10)* 27.10 24757 07707950 1° 1° 15707 154.20/91

* A fixed gaussian model as NXB-residual line is added at 1.828 keV, 2.157 keV, 1.537 keV
for ID 2, ID 3 and ID 16, respectively.
@ The absorption column densities for the CXB and TAE components were fixed to the

tabulated values.
Two broken power-law model was adopted. The photon indices below 1.2 keV were fixed

to 1.54 and 1.96 . The normalization of the former index component is fixed to 5.7, and only

the normalization of the other component was allowed to vary.

¢ The normalization of one of the broken power-law components with the unit of
photons s 'em ™2 keV 'str'@1lkeV. Add 5.7 to obtain the total flux at 1 keV.

4 The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds in the unit of
10 em=> str—1.

¢ The abundance was not constrained well, thus fixed to the solar value.
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5.4.3 A hotter components in the TAE

In model 2 fit shown in Table 5.5 and Figure 5.6, the strong Fe-L. and Ne K lines are
explained by over-abundance of those elements. In particular, ~ 3x solar abundance was
required for Ne for four fields LH-1, Off-FIL, On-FIL, LX-3. We consider that the strong
Ne and Fe emissions could be also represented by a higher temperature emission component
with solar abundances. For model 3, we fixed the temperature and the abundance of the
TAE component to the average of model 2 (0.217 keV) and to the solar value, respectively.
We introduce a fourth emission component with higher temperature which we denote TAE’.
In Table 5.8 and Figure 5.7, we show the results for the four fields. The resultant y?
values are comparable to those for model 2. In model 3, the excess Ne and Fe emissions are
explained by emission with a temperature in the range of 0.5 to 0.9 keV, and an emission
measure of (1 —2) x 10 cm™ str—!.

Table 5.8: Results of four-component (CXB, TAE, TAE’, SWCX+LHB) spectral fit with
SWCX+LHB normalization and temperature, and TAE temperature fixed and with double
broken power law CXB (model 3)

D Ng*  CXBP TAE TAE’ x2/dof
102%cm—2 Norm® kT (keV) Norm? kT (keV) Norm?

5 (LH-1) 056 54707 0217  2.075F 0.7387935 0.970F 160.51/128

8 (Of-FIL) 419 27792 0217 126755 0.86010120 0.9704 211.39/123

9 (On-FIL) 461 46702 0217 488 0.661739%2 1.879% 136.26/118

12 (LX-3) 4.67 85702 0217 7475 05557077 1.8%02 215.76/197

& The absorption column densities for the CXB and TAE components were fixed to the

tabulated values.
Two broken power-law model was adopted. The photon indices below 1.2 keV were fixed

to 1.54 and 1.96. The normalization of the former index component is fixed to 5.7, and only

the normalization of the other component was allowed to vary.

¢ The normalization of one of the broken power-law components with the unit of
photons s 'em =2 keV 'str'@1keV. Add 5.7 to obtain the total flux at 1 keV.

4 The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds in the unit of
10 em™> str—t
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Figure 5.7: Observed spectra (crosses), best-fit model and its components (step functions)
convolved with the instrument response function and residuals of the fit (bottom panels) are
respectively shown. Results of four-component (CXB, TAE, TAE’, SWCX+LHB) spectral
fit with SWCX+LHB normalization and temperature, and TAE temperature fixed and with
double broken power law CXB (model 3). See Table 5.8 for parameters.
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5.5 The trend of Oxygen line intensities with Variable
abundance TAE model or hotter component model

The surface brightness of O vii Ka and O viir K5 based on the model 2 (Section 5.4.3) and
model 3 (Section 5.4.2) are evaluated with the same manner described in Section 5.2.1. As
for the case based on the model 3, the temperature of TAE’ component is also fixed to the
best-fit value. The results of spectral fits based on the model 2 and 3 are summarized in
Table 5.9 and 5.10, respectively. The centroid energy of O VIII needs to be fixed for FOR
and LH-2 because the same reason as for modell, except for these the centroid energies are
consistently determined with the average energy of O vii Ka and O viil Ka emission lines
in collisional equilibrium within the systematic errors of energy scale.

The surface brightness of O vir and O viiI with model 2 and 3 are plotted in Figure 5.8.
In this figure, the O VIII line intensities are corrected using the line intensity ratio of O vit K3
to O viI Ka. Figure 5.8 shows the same trend obtained with modell as shown in Figure 77,
which O viI has a floor, and O VIII line intensity has tight correlation with O viI above the
floor. Therefore, the model 2 or 3 can consistently explain both the observed spectra and
the trend of O vir and O VIII line intensities.

Table 5.9: Results of spectral fits to determine O Vit and O VIiI line intensities with model
2.

CXB* TAE»® SWCX+LHBP O v O v x?/dof
1D Norm¢  Norm¢ Norm9 Centroid SB® Centroid SBe
1 (GB) 5708 - 6.7705 0.560 0008 3.6709 0.6637001% 1.0707  82.76/87
2 (HL-B)  2.870¢ 1.3f12 17.2784 0.560100% 24707 0.65270012  1.0707  86.29/84
3 (For) 1.215% 85+t 2157153 056670016 5.271 0.654F 1.0*5T  72.65/58
4 (LH-2) 3.6702 - 14.9752 0.568T0 000 2.5707  0.654 <0.6  94.47/97
5 (LH-1) 59102 25108 11.375% 0.56170005  4.270-5 0.654T001¢  0.8703  158.79/123
6 (PKS2) 21705 18.4%37 2747975 0.5707050%  6.1705  0.6497500T 24702 96.89/99
7 (PKS1)  3.370% 24.67;9 26.17702 0.578T005¢ 55705 0.66170010  1.2705  89.71/86
8 (Off-FIL) 3.270% 239731 219789 0.567T0 002 9.270-7  0.654T0005  3.0707  153.47/118
9 (On-FIL) 54701 62713 4.0750 0.5621 0001 5.2 0% 0.658T0 000 1.970%  108.72/113
10 (HL-A) 49792 89735 13.1723 0.56470 007 4.5T0-0  0.6467000%  1.9707  134.10/111
11 (M12off) 1.970% 115752 17.8752 0.56670001 4.370%  0.664T0010  0.8T03  77.66/85
12 (LX-3) 9192 10.07}% 11.8723 0.57070 503 6.0707  0.6547050%  2.270-0  212.32/192
13 (NEP1)  3.0707 36.0752 153758 0.57110:005 87702 0.65570 005 3.3103 148.15/116
14 (NEP2) 35707 21.7%8¢ 18.4753 0.57070 008 6.8T11  0.655T0002 2,970 55.08/51
15 (LL21)  4.870% 14.8737% 234751 0.570T0 008 6.3709  0.654T0050 22705 112.44/93
16 (LL10) 25707  1.8%08 11.9752 0.55470018  1.870% 0.64270032 0.6703  81.17/87

& The absorption column densities for the CXB and TAE components were fixed to the values

tabulated in Table 5.5.

b The temperature of TAE and SWCX+LHB components were fixed to the best fit values tabu-

lated in Table 5.5. The O abundance of the both components was set to 0 in the fits.

¢ The unit is photons s tem=2 keV !str—1@1keV.
4 The emission measure integrated over the line of sight ,i.e. (1/47) [nenuds in the unit of

1014 em =5 str!

¢ Surface brightﬁess in the unit of LU =photons s~ cm™2 str—'.

f The centroid energy was fixed to O viil Ka line energy to obtain the upper limit of the intensity.
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Figure 5.8: Relation between O vii and O viIil surface brightnesses determined by using
the model 2 (black) and model 3 (orange) for the 17 sky fields observed with Suzaku . The
horizontal and vertical bars of data points show the 1 o errors of the estimation. The diagonal
lines show the relation between O vil and O VIII, assuming an offset O VII emission of 2.1
LU and emission from a hot plasma of the temperature and the absorption column density
shown in the figure. The Galactic absorption column density of the observation fields are
indicated by the maker size of the data points. The short names of five data points on the
intensity floor of O Vil emission, NEP1 and NEP2 are also shown.
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Table 5.10: Results of spectral fits to determine O viI and O VIII line intensities with model

3.
CXB* TAE*® TAE®> SWCX+LHBP O vir O v x?/dof
ID Norm® Normd Norm9 Centroid SB® Centroid SBe
5  5.570% 8.551;3 05707 6.9737 0.5627000, 40702 0.65670018 o.stg;g 150.71/122
8 27702 21.8%30 08702 27.74%3 0.566 70002  9.470%  0.654T00 31100 147.96/117
9 50152 5.4t;§;2 1.8%59 49768 0.563T0008  5.270F  0.66070 508 1.9t8;§ 110.23/112
12 8.970% 257130 0.270) 3. 1+9 8 057015005 5. 8+ 0.655T000r  2.1707  206.15/191

& The absorption column densities for the CXB and TAE components were fixed to the values

tabulated in Table 5.8.
5 The temperature of TAE and SWCX+LHB components were fixed to the best fit values tabu-

lated in Table 5.8. The O abundance of the both components was set to 0 in the fits.
¢ The unit is photons s tem=2 keV !str—1@1keV.
4 The emission measure integrated over the line of sight ,i.e. (1/4m) [nenuds in the unit of

10 cm =2 str—!,
¢ Surface br1ghtness in the unit of LU =photons s~ cm =2 str™

f The centroid energy was fixed to O viir Ka line energy to obtam the upper limit of the intensity.

1
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5.6 Long-term variation of the soft X-ray background

To evaluate the time variability of the soft X-ray background, we compare the Suzaku spectra
with past ROSAT counting rate. We calculated the R45 band counting rate expected from
the best-fit model parameters of modell(Section 5.2). We used the ROSAT response func-
tion, 'pspce_gainl 256.rsp’, in CALDB at NASA /GSFC?. In estimating the Suzaku counting
rate in R45 band for each direction, we created a simulated spectrum with the source which
has Suzaku best-fit model (modell) obtained in this thesis, using fakeit command in XSPEC
with the best-fit model and the response of pspcc_gainl_256.rsp, and calculated the counting
rate of the simulated spectrum in the 52-90 channel which corresponds to R45 band. Using
the database at NASA/GSFC3, we extracted the ROSAT R45 average counting rate in a
circular region of 36 arcminute diameter centered at the Suzaku XIS aim point. We sum-
marized the values in Table 5.11, and plotted the observed ROSAT counting rate in R45
band as a function of expected counting rate from the Suzaku observations in Figure 5.9. In
the figure we included M12on and MP235 fields using the results from Masui et al. (2008).
The horizontal error bars in this figure is 1o statistical errors estimated from the spectral
model fits of Suzaku data: we searched for the minimum and maximum expected Suzaku R45
count rate for the combination of parameters on the x* = x2. + 1 surface in the 5 dimen-
sional model parameter space ( normalization of broken power-law and temperature and
normalization of two APEC models).

The counting rates in R45 band of ROSAT and those expected from Suzaku result are
well correlated. However the observed ROSAT counting rates are systematically higher
than the rates expected from Suzaku best-fit model. The sky directions of the seven data
points marked with an open rectangle are on streaks of bright areas which meets together
at the north/south ecliptic poles in the RASS map. We thus consider that they are possibly
contaminated with the long-term enhancement, i.e. with the SWCX from the geocorona,
or by the solar X-ray scattering during the ROSAT observations (Snowden et al., 1994). If
we exclude these data points, the scatter of the data points from a linear relation reduces
significantly. We then fitted the relation of the remaining nine data points with a linear
function: (ROSAT observed rate) =p x rate expected from Suzaku + g. We obtained p =
1.08 +0.12 and ¢ = (16.11}32)x 1075 ¢ s™' arcmin™2. The slope p is consistent with unity
within the 90% statistical errors, while the offset ¢ is positive.

Since Figure 5.9 is a comparison of diffuse emission where point sources are excluded,
there can be a large fraction of the positive offset by the difference in point source sensitivity
of the ROSAT and Suzaku observations. The contribution of X-ray point sources to the
intensities is estimated as following procedure. For RASS map used in the present thesis,
the point sources with the count rate >0.020 cts/s in R45 band were removed (Snowden
et al., 1997). We first calculated the detection limit of ROSAT in 0.47-1.21 keV assuming
the absorbed broken power-law model whose photon index are 1.96 and 1.4 below and above
1.2, respectively, and with various absorption column densities from 5.6 x10cm=2 (LH-1
and LH-2 fields) to 1 x10?' em™2. These detection limit is in the range of (3.8 — 4.0) x
10713 erg s7! em%in 0.47-1.21 keV. On the other hand, from the energy fluxes and their
statistical errors of the point sources we removed from the present Suzaku analysis, we

estimate the typical detection threshold for point sources to be 1 x 107 erg cm™2 s7! in

Zavailable from ftp://legacy.gsfc.nasa.gov/ROSAT /calib_data/pspc/cpf/matrices/pspce
3available from http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg /xraybg.pl
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0.47-1.21 keV. Thus there is a factor of ~ 40 difference in the detection threshold. We
then estimated the average surface brightness of point sources in the flux range of (1-40)
x10714 erg s71 em™2 in 0.47-1.21 keV, assuming the logN-log$S relations ( approximately,
N(> S) =75 x 10720871° [degree™?], where N is the number of point sources whose flux
is larger than S) in 0.5-2.0 keV band obtained by ROSAT observation of Lockman Hole
field (Hasinger et al., 1993). To convert the energy flux in 0.5-2 keV to the R45 band, we
assumed the absorbed power-law described above. We integrated the total flux in the range
between detection limit of Suzaku and ROSAT using [ SdN = [ S(dN/dS)dS. Finally,
we calculated the count rate in R45 band using the broken power-law model whose flux in
0.47-1.21 keV corresponds to that estimated above and fakeit with ROSAT response.

As the results we obtained , (10-14)x 107% ¢ s7! arcmin™?in the R45 band for Ng =
(1-0.056)x10~*'em ™2 (shown in Figure 5.10). Thus the offset ¢ is consistent with zero if we
correct for contribution of point sources in the ROSAT data. After correcting the average
value in the Ny range, 12 x 107% ¢ s7 arcmin™2, we obtain ¢ = (47]3)x 107% ¢ s7! arcmin2.

Solar activities affects the solar wind densities and ionization temperature. Near the solar
maximum, the slow solar winds which have high ionization temperatures and high densities
are ejected from the sun resulting in stronger SWCX induced O vii and O viiI than in solar
minimum (Koutroumpa et al., 2006). Near the solar minimum, slow solar winds are emitted
from the equator region of the sun, and high speed, low-density, low-ionization-temperature
winds are emitted from the high latitude region of the sun. Discrepancies between early
XMM-Newton or Chandra observations which were also made near the solar maximum in
2000-2002 and Suzaku observation near the solar minimum were suggested by Koutroumpa
et al. (2007) and Henley & Shelton (2008). For example, Lockman Hole (,b) = (149.1, 53.6)
by XMM-Newton observations taken in October 2002 shows much higher O VII intensities
(7 to 18 LU Koutroumpa et al. (2007) ) than that of Suzaku (2.5 and 4.1 from the present
LH-1 and LH-2 fields). Henley & Shelton (2008) showed that O viI line intensities on
and off directions of the shadowing filament, (On-FIL, and Off-FIL fields ) were 10.65 0%
and 13.86%735 LU for the XMM-Newton observations in 2002 March, while they reported
that the intensities for the Suzaku observation were 6.5110% and 10.5370:55 LU (statistically
consistent with the present results, 5.2732 and 9.5707 LU ). If this difference is due to the
different SWCX intensity as the authors suggest, it was brighter by about 5 LU during
the XMM-Newton observations than Suzaku . However, the O VII emission intensity in the
MBM12 on-cloud direction (M12on) determined by Chandra (1.79+0.55) and Suzaku (2.93+
0.45) were marginally consistent within the 90 % statistical errors, although the O wviit
emission intensity by Chandra (2.3440.36 LU ) was larger than that of Suzaku (0.30 4 0.20
LU).

Although the ROSAT all sky survey was also carried out near the solar maximum in 1990,
the present results show that Suzaku and ROSAT R45 band intensities at least ten directions
were consistent to each other. The intensity of the spectral component for SWCX+LHB in
model 2, which contains O viI emission of 2.1 LU is converted to a ROSAT R45 counting
rate of 14 x 107% ¢ s7! arcmin™2. This is comparable to the 90 % confidence upper limit
of offset ¢ (=17 x 107% ¢ s7! arcmin™2). This suggests that on average, the difference in
O vI1I intensity between the ROSAT and Suzaku is at most ~ 2 LU. In Chapter 4, we tried
to remove the time intervals in which the X-ray spectrum was contaminated by the SWCX
from the geocorona. However, for the HL-A and M12off data, we could not exclude possible
contaminations. Since both data points are on the same trend of other data points in the
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plot of Figure 5.9, we consider the contaminations by the SWCX from geocorona were small
for these data sets.

Table 5.11: Comparison of ROSAT with Suzaku in R45 band count rate. The errors in this
table are all at 1o significance.

1D Suzaku ®  RASS® R45 band
107% ¢ s7! arcmin—?

1 (GB) 85.4 + 2.6 186 + 21
2 (HL-B) 65.6 & 2.2 150 4+ 21
3 (FOR) 83.6 £ 4.2 96 4 30
4 (LH-2) 684 +1.9 85 £+ 15
5 (LH-1) 103.5 + 2.0 103 + 16
6 (PKS2) 104.3 £ 2.6 186 4+ 24
7 (PKS1) 107.9 £+ 3.0 162 + 23
8 (Off-FIL)  130.4 £+ 2.3 227 + 34
9 (On-FIL) 105.3 £ 2.1 118 + 27
10 (HL-A) 103.7 £ 2.2 112 + 17
11 (M12off)  60.0 £+ 1.8 99 4 20
12 (LX-3) 140.1 £ 2.4 180 + 16
13 (NEP) 136.6 +£ 1.8 158 + 4
14 (LL21) 109.3 + 2.8 123 + 14
15 (LL10) 31.6 £ 1.8 44 + 9
R1 (M12on) 20.8 £ 0.9 37 £ 11
R2 (MP235) 58.0 £ 2.3 109 + 21

# The intensity in R45 band expected from the Suzaku best-fit
model function.

b Average intensity for a circular region of 36 arcminute diameter
centered at the Suzaku observation aim point.
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Figure 5.9: Observed ROSAT R45 band count rate v.s. R45 count rate expected from
Suzaku best-fit model functions. The vertical error bars are the 1o statistical errors of
the ROSAT observation. The horizontal error bars are the lo statistical errors from the
spectral model fits of the Suzaku data. The data in open rectangle are the directions which
are possibly contaminated by LTEs in RASS map. Dashed line shows a slope of unity and
solid line shows a slope of unity and 12 x 107% ¢ s7! arcmin™ offset that is an average
point source removal correction due to the detection limit of Suzaku and ROSAT (See
Figure 5.10).
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Figure 5.10: The contribution of the point sources whose flux is between the detection limit
of Suzaku and ROSAT to the counting rate in R45 band as a function of hydrogen column
density. In calculating the count rate, we assumed the model of an absorbed broken power-
law whose photon indices is 1.96 and 1.4 below and above 1.2 keV, respectively and used
the logN-log$S relation in Hasinger et al. (1993).






Chapter 6

Discussion

6.1 Summary of the Observational Results

In the present thesis, we have studied the feature of Soft X-ray diffuse Background (SXDB)
emission in the seventeen directions which do not show the local X-ray emission enhance-
ments such as Radio Loop I. We analyzed the Suzaku XIS-BI spectrum and utilize the O viI
and O VIII emission lines as a main probe of investigating the SXDB. Specifically, we care-
fully exclude the contribution of the geocoronal charge exchange to the analyzed spectra.
Below we summarize the obtained observational results.

1. The observed spectra clearly show the O emission lines and could be fitted with the
model function which consists of three components(model 1): absorbed double broken
power-law for the extragalactic cosmic X-ray background (CXB), unabsorbed thin
thermal plasma model for the sum of heliospheric solar wind charge exchange and
Local Hot Bubble(SWCX+LHB), and absorbed thin thermal plasma model for the
plasma extending beyond the galactic HI (so-called transabsorption emission: TAE).

2. The obtained line intensities of O viI and O VIII line intensities using three component
model above are distributed from ~ 2 to ~ 10 photons s™' cm™2 str=! (LU) for O vir
and from ~ 0 to ~ 4 LU for O viil. There are two remarkable features as follows.

(a) The O vir and O v intensities are correlated and suggest the existence of an
intensity floor for O ViII emission at ~ 2 LU. This floor of O VII line intensity is
consistent with the result of shadowing observation of MBM on cloud and that
of Midplane235 ((I,b) = (235°,0°)) whose emission are attribute to SWCX+LHB
component only.

(b) In the observation fields above the floor, O vir and O v line intensity show
the tight correlation that is approximated as (O vIII intensity) = 0.5 x [ (O viI
intensity) - 2 LU |. In spite of large variation in O Vi1, the average temperature
of the line of sight of plasma emitting the O vir and O VvIiI lines above the floor
are in a relatively narrow range of KT ~ 0.19 to 0.23 keV if they arise from
collisionally equilibrium plasma.

103
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3. O vir and O VIII line intensities show no correlation with ecliptic latitude. This in-
dicates that the O viI emission above the floor and the O VIII emission are not from
SWCX because the intensity of SWCX emission in solar minimum phase is expected to
correlate with ecliptic latitude, in particular it is strong in the ecliptic latitude range
of — 20° to +20°.

4. The properties of O emission were not consistent with the results of spectral fits with
model 1. Thus we tried to fit the observed spectra with two other models. In model 2,
both the normalization and the temperature of the SWCX+LHB component were fixed
to the values obtained with Midplane235 observation, which we consider to represent
the typical “floor” parameters. This model contains O viI emission of 2.1 LU. The Fe
and Ne abundances of the TAE component were set free. In model 3, the parameters
of the SWCX+LHB were fixed as model 2. In model 3, the Ne and Fe abundance
are fixed to the solar value. Instead, a higher temperature component was added to
represent the strong Ne and Fe lines in some of the spectra. With these models, the
temperature of the TAE component were ~ 0.2 keV, and the increase of o VII intensity
above floor and the O VIII emission were explained by the increase of intensity of the
TAE component.

5. We compared the R45 band intensity of Suzaku observation with ROSAT observation
of each direction. In spite of the fact that the present Suzaku observations and the
ROSAT all sky survey were respectively conducted in solar minimum and maximum,
no significant difference were found, if we take the difference in the point source sen-
sitivity of the two missions into account. We placed 2 LU as the 90 % upper limit in
the O vII intensity difference from ROSAT to Suzaku.

To obtain the above results, it was essential to determine the O viI and O VIII intensities
reliably, which was only possible with Suzaku . In Figure 6.1, we show the relation between
the O viI intensity and the ROSAT R45 band intensity. Although the O VII intensity is
positively correlated with the R45 band intensity, there is large point-to-point fluctuations
in the correlation. For example, if we estimate the O VII intensity from RASS map using this
correlation, we will have typically 4 LU uncertainty. This demonstrates that it is essential
to determine the line intensities using Suzaku .

6.2 Spatial distribution of emission measure of the TAE
component

6.2.1 The patchy hot thick disk model

As shown in Chapter 2, Yao et al. (2009) showed that an isothermal hot gas cannot si-
multaneously explain the absorption lines observed in the energy spectra of LMC X-3, the
X-ray binary in the LMC, with Chandra , and the emission lines in the energy spectra of the
X-ray diffuse emission in the two directions about 30" away from LMC X-3 observed with
Suzaku. On the other hand, we found that the temperature determined from the O vir and
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Figure 6.1: O vi1 surface brightness in unit of LU as a function of the count rate in R45
band expected from Suzaku best-fit model in Table 5.2. The horizontal and vertical errors
are written in 68 % confidence level.

O vII1 emission ratio shows only small point-to-point variations. How these two apparently
contradicting observational results are explained?

Yao et al. (2009) constructed a thick hot disk model extending from the Galactic disk
in order to simultaneously explain the absorption and emission lines towards the LMC X-3
direction. They assumed density and temperature distributions exponentially decreasing in
the direction perpendicular to the Galactic disk. They obtained as the best-fit parameters
the scale heights of hré = 1.473% kpc and h,& = 2.81%% kpc for temperature and density
respectively, and the midplane gas temperature and H ion density of Ty = 3.6751 x 106 K
and ng = 1.4729 x 1073 cm ™3, where ¢ is the filling factor of the hot gas. The emission-
measure weighted average temperature along a line of sight is 7/(1+ hy/(2h1)) ~ 0.16 keV.
This is lower than the best-fit temperatures of the TAE component with model 2 shown in
Table 5.5, although the discrepancy is not very large taking the the errors in Ty and hy,/ht
into account. If the TAE component comes from such a uniform thick disk, the O viI and
O viII emission ratio should be constant for all directions. Thus this model explains the two
results consistently, which look contradicting to each other.

For a thick-disk with plane-parallel configuration, we expect the intensity of the emission
to increase from high to low latitude as oc sin™*|b| because emission measure is proportional to
sin~![b|, on the other hand, at low latitude < 10°, it decreases rapidly because of the Galactic
absorption. In Figure 6.2, instead of O VII emission intensity, we show the emission measure
of TAE component for model 2 multiplied by sin|b| (denoted EMsin|b|). The distribution
of EMsin|b| is far from constant, showing a large direction-to-direction fluctuation. This
suggests that the hot gas is patchy and consists of number of blobs. Particularly the short
angular scale spatial variation between the two Lockman hole fields, LH-1 and LH-2 (|b| =



106 CHAPTER 6. DISCUSSION

53.2), is puzzling. These are separated by only 0.42°, but the TAE component and O viI
emission are significantly stronger for LH-1 (Table 6.2,Figure 5.4). The ROSAT map also
show a difference in R45 intensities of the two fields (Table 5.11), although the field of view
of the two ROSAT fields are overlapped to each other. Thus the difference of two fields
are not due to time variations in Heliospheric SWCX. Since the distance between the two
lines of sight is only 10 pc at lkpc away from the Sun, the density contrast of hot plasma
must be high between outside and inside the blobs. Because of the patchy distribution, the
volume filling factor, &, of the hot gas must be low. On the other hand ¢ may be larger than
0.1, so that the scale height of the hot disk model does not exceed the size of the Galaxy. If
the typical blob size is 100 pc, there are ten blobs along the sight line of a 10 kpc length.
Since the separations of line of sights of LH-1 and LH-2 is 100 pc even at 10 kpc, we have
to assume unusual situation that the sight line to LH-1 is at the edge of most of blobs and
the sight line of LH-2 does not go through most of them. Figure 6.2 may also indicate that
EMsin|b| is systematically larger for |b| < 50° , than for [b| 2 50°. However, this could be a
selection effect by chance, and we need more data points in order to conclude it.

A schematic view of our understanding about the origin of the SXDB, especially in
Oxygen emission lines is presented in Figure 6.3 The SWCX process emit mainly O VII line
within the geocorona and the heliosphere (< 100 AU). The time scale of the variability of
the SWCX is < hour in the geocorona and < an 11 years Solar cycle in the heliosphere. Due
to the distribution of the neutral matters and the propagation of the Solar wind, they could
not be spatially uniform. The LHB which is filled with a thin thermal plasma is considered
to be surrounding us. It is actually not spherically symmetric. Typical size of this bubble
is an order of 100 pc. The X-ray emission below the Carbon edge should come within the
LHB. The sun and the LHB are embedded in the local Galactic disk. The properties of
several kinds of the ISM within the disk is described in Chapter 2. The typical pressure of
these ISM is ~ 10* K cm™3, and scale heights are of a few times 100 pc order. In addition to
these ISM, a hot (kT ~ 0.2 keV) and blobby plasma exists in our Galaxy with a thick (> 1
kpc) plane-parallel disk morphology. Its temperature may vary with the distance from the
midplane. The emission from these hot blobs reaches us after absorbed by the cooler ISM.

6.2.2 Resonance scattering

The absorption cross section of the resonant line can be as high as 1 x 107*®cm 2. The O viI
ion absorbed the photon instantly re-emits a photon at the energy of the resonant line. Thus
this process can be regarded as scattering. Since the scattering probability per volume is
proportional to the ion density while the emission probability is proportional to second power
of ion density, the resonance scattering will level the spatial contrast in emission intensity.

The scattering cross section depends on the line broadening. There are three origins
for the broadening; natural width, thermal doppler, and doppler effect due to macroscopic
motion. The broadening function for natural broadening is given by

(hT /4m)?

HE) = (E — Eo)? + (hD/4m)?’

(6.1)

where I' is the transition rate. If we consider the spontaneous emission for the transition
rate, the half width half maximum of the broadening function is estimated to be 1.1 x 1073
eV for O VII resonant line.



6.2. SPATIAL DISTRIBUTION OF EMISSION MEASURE OF THE TAE COMPONENT107

10 ~ .

L

(TAE EM)x sin|b| (1€ cnrsstr?)

i LH-2

0 L | L |
0 20 40 60 80

|Galactic latitude| (deg)

Figure 6.2: The emission measure of the TAE component multiplied by sin|b| as a function
of |b]. The TAE normalization factors are taken from model 2 (Table 5.5). The data point
LL10 is not plotted because the higher temperature component of this field is like to have
different origin from other fields.

On the other hand, the broadening function for the doppler effect is given by

1 (E — Ey)?
F) = _ .2
oE) = e |- (62)
where
Ap=E [T e (6.3)
C Mion

and mj,, and b are respectively the mass of the ion and the b parameter for macroscopic
motion, i.e. the rms velocity dispersion times v/2 in line of sight direction. AE = 0.093 eV
for KT = 0.2 keV and b = 0. Thus the natural broadening can be neglected compared to the
thermal doppler broadening.

The scattering optical depth, 7(F) is given by

(E — Ey)?

T(E) = ffZAE\/_eXp [_W

} Nion (6.4)

where fy; and N, are respectively the oscillator strength of the transition and the column
density of the ion. ff; = 0.696 for O viI K resonant line. Then the scattering probability after
passing through the column density of Ny, is given by integrating the absorption probability
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Figure 6.3: A schematic view of our understanding about the origin of the SXDB. Image is
drawn in logarithmical scale.

weighted by the source photon energy distribution;

. / 0E $(E)[1 - exp{—7(E)}] (6.5)

The total column densities of O viI and O VIII ions are respectively estimated to be
1x 10 em™2 and 2 x 10'* em ™ for the thick hot disk model. Yao & Wang (2007) and Wang
et al. (2005) respectively estimated the velocity dispersion of the hot gas in the directions
of Mrk421 ( (1b) = (179°.83, 65°.03)) and LMC X-3 ((1,b) = (273°.57, -32°.08)) to be 64732
kms™! and 79755 km s~! from the absorption line observations with Chandra . In Figure 6.4,
we calculated the scattering probability as a function of ion column density for O viI and
O viir. From this figure we find that in maximum about 10% to 30 % of photons are scattered
out from the line of sight and instead photons from other line of sights are observed as if
they are emitted in the line of sight. The maximum O VII intensity from the TAE is 7.295
in the Off-FIL field. Thus there is 1-2 LU uncertainty in the O VII emission intensity of this
fields due to resonance scattering. Except for this field and NEP, the effect of resonance
scattering is smaller than the statistical errors. Thus the effect of the resonance scattering
is not crucial for the present results of O viI and O VIII intensities.

6.3 Order of magnitude estimates of hot gas properties

In this section, we estimate the physical paramters of the hot ionized plasma. For this
purpose we simplify the assumption of the patchy hot thick disk model; we replace the
exponential gradient in temperature with the constant temperature of k7" = 0.2 keV, but
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Figure 6.4: Resonance scattering probability for kT = 0.2 keV plasma with several b para-
maters as a function of column density of each ion.

keep the exponential decrease of the density with scale height of h,1.467! kpc. In order
to estimate the average vertical emission measure we use the O VII line intensity obtained
in Chapter 5, and assumed that the element abundance is solar abundance of Anders &
Grevesse (1989) value.

6.3.0.1 Density

Assuming that the hot plasma is distributed in plane-parallel with the scale height of density
h, from the galactic plane, the density of plasma is expressed as n(z) = ng exp(—z/h,), where
the ng is midplane value. In such a configuration, we exptected the intensity of emission to
increase from high to low latitude as o sin |b|. Thus the observed intensity of emission line,
denoted I;,, is expressed with the ion density in the line of site nj,,(z) as follows.

o 1 1 Aatom fwn(T) ng hg
ion /0 . Ne (x)nlon (x) ( )fdl’ A Lo ( )sin |b‘ 9

(6.6)

where e, A(T'), Aatom, fion and & are, the electron number density ratio to that of hydro-
gen (ne/ny=1.2), the line emission power per unit volume and per square electron density,
the abundance of element(nagom /nn), the ionization fraction(nien/Matom) and volume filling
factor of hot plasma. We also defined h = h,, /2. Assuming the scale height of density 2.8 kpc
and using the temperature of 0.2 keV, the electron density at midplane using the avarage
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value of O vII line intensity multiplied by sin |b| line 2.3 LU is calculated to be

1 1
. hé& "2 (Lippsin b\ 2
—1.1x 10 3cm™® | — Sion S © 6.7
e X107 em <1.4 kpc) <2.3 LU) (6.7)

6.3.0.2 Total luminosity and mass

Assuming that hot plasma fills a cylinder with a radius of 10 kpc centered on the Galactic
center and with the scale height from galactic plane 2.8 kpc, total mass M. and total
luminosity Lo of the hot plasma are calculated to

N |
e \* (TowsmP[\* [ R\’
Moo — [ 14 =24 x10"M, 0.8
total / nempdv x 10 © (14 kpC) < 23 LU ) <10 kpC) ( )

Tion sin b R \?
Liotal = /nentAtot(T)dV =1.3x10% erg s7* ( sin | |> ( ) (6.9)

2.3 LU 10 kpc

where we applied proton mass m,, the electron density (n.) and total ion density (n;)
obtained above, and A (7") is a cooling function at 0.2 keV of 6.3 x 10723 erg s~! cm?, which
is taken from Sutherland & Dopita (1993).

6.3.0.3 Cooling time scale

3 (e + 1) kpT, o [Tonsinft]\ */ he \?
cool — 5 =4.6 x 10 p— PEE— 6.10
Teod = 5 neniA(T) 8 Y\ 231U 1.4 kpc (6.10)

where n; is the total ion density, kg is Boltzman constant. We applied A(T') value of 6.3 x
107% erg s7! em? in Sutherland & Dopita (1993), and 1.1 x 10 *cm ™ of n, obtained above.

6.3.0.4 Conduction time scale

The thermal conductivity  is expresed as the classical electron thermal conductivity formula
given by Spitzer(1962), which is applicable to a fully ionized plasma.

5
k=1.84x10""T2/InAcoy erg s ' cm ' K™* (6.11)

where an adequate approximation for the Coulomb integral factor for T, > 4 x 10° K is

1

A cou = 32 + In[ne (T,/107 K)]. (6.12)
Therefore, x of hot ionized plasma is calculated to 5.4 x 10° erg s~tem?®. The conduction time
scale Teong in which the heat transfers to the length scale of dx is approximately expreseed
as < X 02, where c is specific heat of hot plasma, which is equal to %(ne +mn¢)kp . Therefore,
conduction time scale 7.,,q with trasfering in the length scale 10 kpc is calculated to

1 h 7% [ion i b o’ R 2
Teond = — X =(ne +my)kp x 627 = 7.4 x 10° yr ( g ) ( T |> ( )
KR

w

\)

1.4 kpc 2.3 LU 10 kpc
(6.13)
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In the presence of a magnetic field which is not parallel to the direction of heat condunc-
tion, the conductive heat flux is reduced, therefore the derived conduction time scale above
is a lower limit.

6.3.1 Comparisons with other galaxies and origin of the hot plasma

Soft X-ray emission extending by ~ 10 kpc scales from galactic plane have been observed in
some of nearby galaxies with relatively low star burst activities. The spectra of those halo
emission are described by single or two-temperature models with k7”s in the range of 0.1 to
0.8 keV (Strickland et al., 2004; Tiillmann et al., 2006; Yamasaki et al., 2008b). The total
luminosities are typically 103739 erg s~!. Thus, the TAE component found in this thesis
could be similar to the halo hot gas in these galaxies. If our Galaxy is observed from outside,
the average temperature of the halo emission should be observed as kT = 0.2 keV. Since in
other galaxies the temperature ranges from 0.1 to 0.8 keV, there should be a reason why our
Galaxy prefers kT' = 0.2 keV. Possibly it is related to the virial temperature of our Galaxy.
The virial temperature Ty;, = umyv?/3k with rotational velocity of our Galaxy (200 km s™!)
is estimated to 0.195 keV, which is very close to the “average temperature” of hot plasma
in our analysis.

A possible origin for this coincidence could be that the hot gas was formed by cosmological
accretion (Toft et al., 2002; Rasmussen, 2007), i.e. the primordial gas around our galaxy
was heated by falling along the gravitatinal potential of dark matter halo. Pointecouteau
et al. (2005) investigated the relation between the virial mass and temperature of the nearby
clusters, and the relation is fitted with the power-law model of

1.74
M., = 1052 ( ) 10" M, (6.14)

5 keV

Shimizu et al. (2006). Using this model, M,;, at the gas temperature of 0.2 keV is calculated
to 2.5 x 102M,. This value is consistent with the estimated virial mass of our galaxy,
1.9739 x 1012 M, (Wilkinson & Evans, 1999), 2.5%0-5 x 10'2M,, (Sakamoto et al., 2003) and
1.4275:1 x 1012 M,, (Smith et al., 2007a). However, the radiative cooling time of the hot gas
is estimated to be only 5 x 108 years. Thus the gas cannot be primordial and the hot gas
needs be supplied at least on this short time scale.

The most likely heating source is supernova explosion. Taking the heating efficiency
(HE), which is the ratio of the fraction of the SN explosion energy that remains effectively
stored in the ISM gas and is not radiated away, as 0.1, SN rates in our galaxy is 1 century
and the explosion energy is 10°! erg, the heating rate by SN explosion can be expressed by

) Usx HE SN rate

As this late is larger than the total luminosity of hot plasma, supernovae is a possible origin
of hot plasma.

A possible interpretation for the coincidence of the hot gas average temperature with the
virial tempearture is that the gas at higher temperarure than virial one has escaped from
the gravitational potential. Then the gas at near or below the virial temperature remains
in the halo, while the hot gas near the virial temperature is most efficiently emitting in O
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emission. This can be valid considering that the escape time scale that the gas at 200 km
s escaped away to 10 kpc scale is about half of the radiative cooling time scale.



Chapter 7

Conclusion

We have investigated the soft X-ray diffuse background (SXDB) from the regions apart from
the atypical X-ray emission features, using the unprecedented spectroscopic capability for
spatially extended emission below ~1 keV of Suzaku . In the data reduction, we carefully
removed the contributions of the solar wind charge exchange induced X-ray emission from
the Earth’s geocorona (Geocoronal SWCX). By analyzing the fifteen directions (sixteen
observations) together with two other fields analyzed by Masui et al. (2008), we have obtained
new insights on the SXDB.

1. O vII emission was clearly detected from all fields with intensity in the range of ~ 2
to ~ 9 LU. O vIIiI emission was also detected from most of the fields. The intensity
was < 0.6 LU (upper limit) to 4 LU.

2. The O vi1 and O vIII correlation plot indicates that the O VII emission consists of two
components; a component with intensity of ~ 2 LU and a small spatial variations, and
the other component with intensity of 0-7 LU and a large filed to field variation. The
O vi1I1 intensity is about a half of the intensity of the latter O viI component. Thus the
temperature of the latter component must be about k7" = 0.2 keV. The temperature of
the former component is much lower than this and likely k7" = 0.1 keV, if it is thermal
emission.

3. The likely origin of the former O VII emission component of approximately constant
intensity is the Heliospheric SWCX with possible small contribution of emission from
the Local Hot Bubble (LHB). Because two observations of the same directions near
the north ecliptic pole showed ~ 1 LU intensity variation and because there is about 1
LU intensity variation on the O VII intensity floor, we consider the Heliospheric SWCX
has about 1 LU temporal and spatial variations.

4. We consider that the latter, spatially variable O VII emission component comes from
more distant part of the Galaxy than the SWCX+LHB component; thus mostly above
or beyond the bulk of the Galactic absorption. We call this component Transabsorption
component (TAE) following Kuntz and Snowden (2000).

5. In order to reproduce the constancy of the TAE temperature in the spectral model
fits, the Fe and Ne abundance against O must be increased to 2 - 3 times solar value
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for about four fields, or a higher temperature (k7" = 0.6 — 0.9 keV) component which
efficiently emits Fe-L. and Ne lines must be included.

. The present Suzaku results and the R45 band intensities of the same directions in the

ROSAT all sky map were consistent with each other within the statistical uncertainties.
We placed an upper limit of 2 LU for O vII intensity difference. This indicates that
on average, the increase of the Heliospheric SWCX near the solar maximum (ROSAT)
from near solar minimum (Suzaku) is at most 2 LU.

The constancy of the temperature of the TAE component is consistent with the plane
parallel geometry of the thick hot disk model which was proposed by Yao et al. (2009)
to explain simultaneously the absorption and emission spectra towards the sight line of
LMC X-3. However, the O VII emission intensity and the emission measure of the TAE
component show large field to field variations and thus their latitude dependencies are
far from that expected for a plane parallel configuration. Thus the hot gas must be
patchy. It may have a low volume filling factor.

Simplifying the model parameters of the patchy hot thick disk model, basic parameters
of the hot gas, e.g. the total emission luminosity, the total mass of the hot gas, radiative
cooling time, were estimated. The total luminosity, ~ 1 x 10% erg s7!, is within the
range of luminosities observed in halo of some nearby normal galaxies.

. The radiative cooling time scale is estimated to be ~ 0.5 G years. Hot gas or energy

must be supplied to the TAE on this short time scale. The most likely heating source
is supernovae. The apparent temperature of the TAE may be kept to a value close
to the virial temperature of the Galaxy (kT = 0.2 keV), because a hotter gas from
supernovae will escape from the halo of the Galaxy on the time scale shorter than the
cooling time scale.



Appendix A

Charge Exchange

In the following, the charge exchange process and solar wind parameters are summarized.

A.1 Physical process of charge exchange

Most simple and main reaction of charge exchange is as follows.

AT+ B — AtD 4 Bt (A1)

where AT is a projectile ion and B is a target atom. An electron of target atom transfers to
the excited energy level of projectile, then the line is emitted by de-excitation of projectile
ion(Figure A.1). This process is called Solar Wind Charge eXchange (SWCX) when A1 is
solar wind ion and B is the neutral matter in geocorona or heliosphere. For example, the
reaction of O*7 ion and a Hydrogen atom produced a O in excited state and hydrogen ion,
then OVII line is emitted. The cross section of this reaction is relatively large ~ 4 x 10 cm =2
at the collision velocity of ~ 100 km/s. And the electron distribution of O in excited state
is different from that by other excitation process such as collisional ionization occurred in
thermal plasma. Therefore, this process induces the difference of line intensity ratio due to
the difference of main quantum number, and that of the fine structure of the line emission due
to the difference of orbital angular momentum (e.g. resonance, intercombination, forbidden

).

A.1.1 Solar Wind properties

Solar activities affects the density, ionization temperature and transfer direction of the solar
wind, therefor also affects the intensity and distribution of SWCX. Table A.1 summarize the
cross section of slow and fast solar wind for Charge exchange between solar wind heavy ions
and H and He which is based on theoretical and experimental work. The slow solar wind
(SSW) at an average velocity of 400 km s~ has high ionization temperature and density
which induces stronger O viI and O vIII line emission than the fast solar wind (FSW) at
an average velocity of 750 km s~! that has low temperature and low density. During solar
minimum, SSW is emitted from the low latitude region of the sun which is below ~ 200°, and
FSW from the high latitude region of the sun. On the other hand, during solar maximum,
all the solar wind is in the SSW state.
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Figure A.1: Electron potential energy V [in atomic units (a.u.)] versus distance from the target atom
nucleus (assumed to be atomic hydrogen here) for a charge transfer reaction involving projectile ion A9T
(calculated here for Be?™). The internuclear distance chosen here [10 a.u. (1 a.u. = 1 Bohr radius =
5.2971 m)] is the curve-crossing distance for the n = 3 ion final state. 1 atomic energy unit = 1 hartree
= 27.2 eV. The target energy level (and binding energy) and product ion (Be3T) energy levels are shown.
In the classical overbarrier model, the electron is able to cross over from the target to the projectile for the
favored principal quantum number (n approx 3, here). A possible cascading pathway for the de-excitation
by photon emission is shown. Figure is taken from Cravens (2002)

Table A.1: Slow and Fast Solar Wind Parameters.

type Slow Fast
Vsw 400 (km s~ 1) 750 (km s~ 1)
(2] 1/1780 1/1550
HT density at 1AU (cm™3) 6.5 3.2

Lines (eV)* fraction O(H,X+) O(He,x@+)  fraction O(H,XQ+) O (He,XQ+)
X+ X (107 em?) (107 em?) X (107 cm?) (1071 em?)
OSF (33,65, 77,82, 84)  0.070 5.65 2.80 0.000 6.16 2.80
O™ (561, 569, 574) 0.200 3.40 1.80 0.030 3.70 1.97
0b+ (72, 83, 94, 107) 0.730 3.67 0.96 0.970 3.91 1.31

2 Including most important lines which is produced by X(®=D+_ P Charge exchange cross section of hydrogen.
¢ Charge exchange cross section of helium. Table is extracted from Koutroumpa et al. (2006)



Appendix B

Point source in each observation field

Table B.1 shows the position, excluded radius and flux in the range of 0.47-1.21 keV of
the regions which are removed as X-ray point source in the analysis of Soft X-ray Diffuse
background.
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Table B.1: Position, removed circular radius and the flux for the point sources detected in
each observation field. The flux of diffuse background region and the flux ratio of the leak to
out side of the circular region of point source to diffuse background region are also shown.

Observation ID (1,b) radius  Flux ® Flux ?  Flux ¢ ratio (%)
1(GB) 1 (75.869, 64.893) 5’ 28.9 22.98 49.29 0.02
2(HL-B) 1 (272427, 58.200) T 07 058 139 0.56
2 (272.511, -58.355) I 2.3 2.27 1.39 2.16
3 (272.518, -58.339) I 0.8 0.67 1.39 0.63
4 (272.727,-58.321) I 2.0 1.65 1.39 1.57
3(FOR) 1 (230.617,-57.568) 1.5 6.4 5.08 1.87 1.80
A(LH-2) 1 (149.763,53.283) 2 33 275 148 0.61
2 ( 149.769, 53.141) 1.5 2.2 177 1.48 0.79
5(LH-1) 1 ( 148.967, 53.024) 1.5’ 9.6 7.40 2.20 2.24
2 ( 149.078, 53.214) I 3.6 3.04 2.20 1.83
3 ( 148.929, 53.207) 0.7 1.5 1.23 2.20 1.19
4 ( 149.005, 53.135) 3 12.2 10.27 2.20 0.51
5 ( 148.835, 53.146) 0.7 2.7 2.28 2.20 2.19
8(Ofi-FIL) 1 (278.816, -45.328) 1.7 6.5 3.44 2.85 0.26
2 (278.553, -45.264) 1.2 1.8 0.72 2.85 0.16
3 (278.624, -45.291) 1 1.4 0.85 2.85 0.20
4 (278.809, -45.368) 2.5 22.1 5.16 2.19 1.01
5 (278.685,-45.258) 1’ 11 136 219 0.62
9(On-FIL) 1 (278.416,-47.015) 2.5 4.3 1.08 2.19 0.65
2 (278.785,-47.064) 1.5’ 0.9 16.99 2.19 1.70
3 (278.783,-46.960) 1.5 1.1 0.87 2.19 0.53
10(HL-A) 1 ( 68.468, 44.398) 1.5 1.3 1.17 2.23 0.35
2 ( 68.328, 44.463) 1 1.9 1.51 2.23 0.89
3 ( 68.331, 44.396) 1 1.3 1.07 2.23 0.63
4 ( 68.395, 44.271) 1.5 2.9 2.46 2.23 0.73
5 ( 68.365, 44.338) 0.7 1.6 1.33 2.23 2.39
6 (68.475, 44.481) 0.5’ 0.4 0.32 2.23 0.58
11(M120ff) 1 (157.296, -36.815) 2’ 1.0 0.91 1.34 0.22
12(LX-3) 1 (1273.413,-32.630) 1.5 14.5 12.01 2.89 2.76
2 (273.322,-32.671) iy 2.5 2.01 2.89 0.92
3 (273.449, -32.602) 1.2 1.9 1.47 2.89 0.50
4 (273.527,-32.789) 1.7 35 294 289 0.43
5 (273.490, -32.512) I 2.3 1.93 2.89 0.88
13(NEP1) 1 (195.626, 28.793) 0.7 2.5 2.01 2.93 1.45
15(LL21) 1 ( 85.975, -20.762) 1.5’ 1.1 0.84 2.30 0.24
2 ( 86.114, -20.831) 2 3.8 3.46 2.30 0.50
3 (1 85.949, -20.888) 1 5.3 5.59 2.30 3.21
4 (1 86.029, -20.746) 1 2.5 2.47 2.30 1.42
5 ( 85.951, -20.856) 0.7 0.7 0.53 2.30 0.49
6 ( 85.872, -20.740) 0.7 1.1 0.88 2.30 0.81
7 ( 86.131, -20.731) 1 5.7 5.96 2.30 3.42
8 ( 86.069, -20.734) 0.7 0.7 0.56 2.30 0.51
9 (86.046,-20.782) 1’ 12 120 230 0.69
10 ( 85.960, -20.727) 0.7 0.7 0.53 2.30 0.49
11 ( 86.127, -20.778) I 1.2 1.09 2.30 0.63

2 Flux in 0.47-1.21 keV range in unit of 1071 erg s7! cm =2
P Flux of point source in 0.47-1.21 keV range in unit of 10~ counts s~! cm™
¢ Flux in diffuse background region in 0.47-1.21 keV range in unit of 10~° counts s~ ¢cm 2

1 2



Appendix C

The normalization of Cosmic X-ray
Background (CXB) components

The results of spectral fit with wabs * power —law model for observation in the present thesis
about all XIS sensors are shown in Table C.1.

Table C.1: Results of CXB normalization for single power-law component fit in 2.0-5.0 keV
range. NXB level is not corrected.

observation CXB norm?®

XISO  XISI  XIS2  XIS3
1(GB) 1147515 11570 1187 106713
2(HL-B) 7.350¢ 8070 86757 7.9708
3(FOR) 6.5 50t N/AP g0 1
4(LH-2) 9.1707 84109 85708 94757
5ELH-1) 10.2759 10.270% 105710 11.4%09
6
7(
8(

PKS2) 71108 65707 NJAP 6.8 96,
PKS1) 84707 80107 N/AP 7.9 10T
Off-Fil) 7.1t§;§ 7.0t§;g 6.1f§;£ 6.8i§;§
) 9.2%0¢  9.9%0r  9.07%7  9.6%07
10(HL-A) 9210 9.0t 100711 9.0t10
11(M12off)  7.5%0% 67507 78710 66109
12(LX-3) 11.4%8(;5 13.0t§;§ 12.61;85 10.7%8(;5
13(NEP1)  7.4%0% 10.7707 75006 86108
14(NEP2)  8.1tkl gofil  gs5tl2 ggtld
15(LL21) 82108 8507 N/AP 7.5 108
16(LL10)  7.2%0% 80708  N/AP 6.8 0T
& The normalization of the power-law function with the unit of
photons s 'em ™2 keV ™ str—'@1keV.
b X1S-S2 is not available.
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Appendix D

The spectrum of the b = 10° sample

We obtained significantly higher temperature (0.75 keV) for the TAE component for LL10
than that of other samples (average = 0.2 keV ). This direction has a high Galactic absorption
of 2.71x10*'cm~2, and the transmission of O VII and O VIII emissions are respectively only
about 10 % and 20 %. Thus the emissions from the thick disk of the temperature ~ 0.2
keV will be significantly absorbed and hard to be detected, if it exists in this direction.
Masui et al. (2008) detected an emission component of the similar temperature in the energy
spectrum of the midplane direction, MP235. They suggested that the component is a sum
of emission from unresolved faint dM stars existing between the bulk of Galactic absorption
and the Earth, and constructed model spectra assuming an average dM star spectrum of the
double temperature thermal emissions, the X-ray luminosity distribution functions, and the
spatial densities of dM stars in literature. The model spectrum could consistently explain
the observed spectrum not only in the spectral shape but also in the absolute intensity
within 30 %. We fitted the LL10 spectrum using their dM star model spectrum constructed
for (1,0) = (90°,30°), instead of the TAE component in model 1. As shown in Figure D.1,
this model reproduces the observed spectrum well (y* = 89.2 for 90 degrees of freedom).
However, it was necessary to increase the intensity of the emission by a factor of about 5
from the model. This suggests that th emission from dM stars does not decrease so rapidly
with increasing b as the model predicts, or that the there is a large spatial fluctuations at b
~ 10°.
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Energy(keV)

Figure D.1: Fit result of the Low latitude 97+10 (data ID 16) spectrum using the faint dM
star model by Masui et al. (2008) instead of TAE component .



Appendix E

Systematic errors of fit

Results of spectral fits to determine O vii and O VIII line intensities with single power-law
CXB model are shown in Table E.1.

Table E.2 shows th results of spectral fits with three component model (CXB, TAE,
SWCX+LHB) with double broken power-law model for CXB in the case that the contami-
nants thickness on optical blocking filter is 10 % thicker and thinner than nominal value used
in the fit of Chapter 5. And the results of spectral fits to determine O viI and O VIII line
intensities with double broken power-law CXB model in the case of 10 % thicker and thinner
contaminants are shown in Table E.3. Obtained parameters are all within the statistical
error in the case of nominal contaminants thickness.
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Table E.1: Results of spectral fits to determine O viI and O VIII line intensities with single
power-law CXB model.

CXB* TAE»® SWCX+LHBP O vir O v x?/dof
1D Norm® Norm9 Norm4 Centroid SB® Centroid SB®
1 (GB) 109705 3.0752 11775073 0.560 0008 41770 0.663T50;1 1.370%  81.80/86
2 (HL-B) 77 2878 19.1723 0.560700%  2.6707  0.65270012  1.2707  79.36/ 80
3 (FOR) 61707 1.978 274195 0.568T001%  5.2713 0.654 1.2757  63.39/58
4 (LH-2) 8702 1175k 38.17158 0.568T0 007 3.0707 0.654 04157 89.12/96
5 (LH-1) 10.8T02 27707 19.7752 0.56270063 47702 0.65475:012 11705 145.02/92
6 (PKS2) 75705 8.513% 68.813:5 0.56670-005  6.675% 0.648T0008  2.6707  108.84/99
7 (PKS1) 8.670: 54735 77.24152 0.574T000%  6.270%  0.65470015  1.6702  109.62/86
8 (Off-FIL) 82703 81773 32.0758 0.56670 503 9.5T07  0.65310002  3.1703  153.93/118
9 (On-FIL) 10.3%55  3.2702 14.873% 0.56370 00  5.770%  0.660T0 000 24703  118.93/113
10 (HL-A) 101195 7.375%5 30.6773 0.56370 505 5.0700  0.6461505¢ 22709 137.74/111
11 (M120off) 7.3%5%5  3.2%72 276723 0.56470-001  4.5702  0.66270010  1.0703  80.05/85
12 (LX-3) 135702 9.3+l 20.17% 0.57070 007 6.5707  0.6537000¢  2.6757  211.14/192
13 (NEP1) 83702 13578 33.2139 0.5677090% 91708 0.65375:055  3.6703  182.41/116
14 (NEP2) 87705 9272 28.870% 0.568T0005 72711 0.6547000% 3.1 E  59.72/51
15 (LL21) 9.770% 9417 38.075 0.57070 008 6.7709  0.65315008 24705 109.42/93
16 (LL10)  7.970%  1.9%5% 10.7724 0.55670015  1.8T5F 0.644700%0 0.67035  80.62/87

& The absorption column densities for the CXB and TAE components were fixed to the values tabulated in

Table 5.3.

b The temperature of TAE and SWCX+LHB components were fixed to the best fit values tabulated in
Table 5.3. The O abundance of the both components was set to 0 in the fits.
¢ The unit is photons s~ em™2 keV 'str—*@1keV.
4 The emission measure integrated over the line of sight ,i.e. (1/47) J nenuds in the unit of 10 cm™? str—!.
© Surface brightness in the unit of LU =photons s ™' cm™2 str—!.
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Table E.2: Results of three-component (CXB, TAE, SWCX+LHB) spectral fits with the
double broken power-law CXB model (model 1) in the case that the contaminants on optical
blocking filter is 10% thicker and thiner than nominal value. The + and — mark in the table
are for 10% thicker and thiner case, respectively.

Ni® CXBP TAE SWCX+LHB 2/dof
D (102%m~=2) Norm® kT (keV) Norm? kT (keV) Norm¢
1 (GB)+ 1.40 59700 0.264 <1.6° 0.1587905F  6.07)3 89.51/92
1 (GB)- 1.40 55708 0.264 <1.6° 0.17070030  4.0795 91.74/92
2 (HL-B)+ 3.36 27108 027150078 1.8%03 0.120f 7.372 95.77/87
2 (HL-B)- 3.36 26708 02717058 1.6707 0.120° 6.273% 93.41/87
3 (FOR)+ 1.35 05707 07457037 16105 01437001 117714 65.91/59
3 (FOR)- 1.35 0.6708  0.75470537 14757 0.1441503)  9.77103 64.24/59
4 (LH-2)+ 0.56 3.710% 0.264 <1.0°  0.096%50% 213753 94.47/99
4 (LH-2)- 0.56 34704 0.264 < 1.0°  0.094700%9 17.723;2 95.54/99
5 (LH-1)+ 0.56 56705 046870232  1.370%  0.135T0015 8.9 155.75/127
5 ELH—lif 0.56 54708 (50t0 Tl Od RO g 152.87?127
6 (PKS2)+ 1.67 21100 023710037 5 gtd6 (g8 0013 54 74135 107 94/103
6 (PKS2)- 1.67 2.1$§;§ 0.236}:%2% 5 35% 0.089$§;§§ 41.8%%2%3 105.50/103
7 (PKS1)+ 1.76 34105 0.20010 36710 0.0010 538711 107.17/90
7 EPKSlgf 1.76 T T R YV s L P 104.89?90
8 (OFF-FIL)+ 1.90 29104 027510021 55l 1250015 19 9F33 169.78/122
8 (OFF-FIL)- 1.90 29104 0.273+0019  gotl5 012070013 95 4%60  170.60/122
9 (ON-FIL)+ 9.60 52100 062810078 906 gy 00l 7 gt06  9G83/117
9 (ON-FIL)- 9.60 52100 0.62110010 9 7406 (1890010 g 0T 19816/117
10 (HL-A)+ 1.02 50702 02437002 3.6703 0.120°f 114758 142.53/116
10 (HL-A)- 1.02 49102 023070050 3.477) 0.120° 8.4%33  139.80/116

+0.5 +0.097 +15.3 +0.016 +1913.7
natmn, s ol 2okl ooy na wa
12 (LX-3)+ 4.67 87708 0.306*8:8‘32 6 6*15431 0.136+8:8§g 11.3%4 211.77/196
12 (LX-3)- 167 86703 03217028 5orET o ueiBBl s 9n% 91297/196
13 (NEP)+ 4.40 2.910:1 02431002 9. 7HLE 011350009 242702 150.06/120
13 (NEP)- 440 29707 02437008 95tE 01147001 235750 158.39/120
14 (NEP2)+ 4.40 3.3108 026310013 g 4+3l (11370030 9y 94217 59 97/55
14 (NEP2- 440 33705 02677000 73T30 018t 16.20%1 59.27/55
15 (LL21)+ 7.24 43105 028410012 g g+21 (1090010 94 44269 105.04/102
15 (LL21)- 7.24 43105 028610011 g2l 111002 4994199 104.20/97
16 (LL10)+ 2710 26100 07327070 15T0T 01167000 6.61%7  86.47/89
16 (LL10)- 2710 26798 07377928 14%0% 01670957 58*1EY 85.91/89
0.6 0.179 0.7 0.034 3.9

& The absorption column densities for the CXB and TAE components were fixed to the tabulated
values. They were estimated from Dickey & Lockman (1990), except for 8 and 9. The column
densities were estimated from the 100 pum intensity of the direction (7).

b Two broken power-law model was adopted. The photon indexes below 1.2 keV were fixed to
1.54 and 1.96 . The normalization of the former index component is fixed to 5.7, and only the

normalization of the other component was allowed to vary.
¢ The normalization of one of the broken power-law components with the unit of
ghtons s lem ™2 keV lstrl@lkeV.

The emission measure integrated over the line of sight, (1/47m) [nenuds in the unit of

10Mem =2 strt.
¢ The TAE component was not significant. Thus the upper limit of the normalization was deter-

mined for the temperature fixed to the average of TAE components of other observations.
f Because of the strong coupling between the TAE and LHB+SWCX components, the temper-

atures of the two components were not well determined. We thus fixed the temperature of the
SWCX+LHB component to the average values of other observations.
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Table E.3: Results of spectral fits to determine O viI and O VIII line intensities with double
power-law CXB model in the case that the contaminants on optical blocking filter is 10%
thicker and thiner than nominal value. The + and — mark in the table are for 10% thicker
and thiner case, respectively.

CXB* TAE»® SWCX+LHBP O vir O v x?/dof
1D Norm®  Norm¢ Norm? Centroid SB¢ Centroid SBe
1 (GB)+ 58707 - 6.9757 0.562750%  3.971T  0.66275018 11702 83.27/87
1 (GB)- 56107 - 1.21%3 0.56070-00%  3.2759  0.66210018  0.970%  84.55/87
2 (HL-B)+ 2.670°%  1.977 15.875 0.56070008 24705 0.65270015 1.1t 84.27/84
2 (HL-B)- 2.510¢ 1.7t 12.5759 0.56010015  2.170%  0.65275013  1.070%  84.34/84
3 (FOR2)+ 07705 14707 24.679¢ 0.5681051% 5.0t 06548 12707 63.39/58
3 (FOR2)- 05708 17707 20.7753 0.5681001%  4.47)2 0.654 L1T5T  61.46/58
4 (LH-2)+ 3.7102 - 2417173 0.568T0-000  2.970%  0.654" 03703 93.93/97
4 (LH-2)~ 3.5%02 - 16.1190, 0.568T0-505 22700 0.6540 01707 94.46/97
5 (LH-1)+ 56702 14751 12.873% 0.5627000  4.270%  0.65675012 0.8T0%  152.28/123
5 (LH-1)- 54705 12707 111753 0.5627 0001 3.970% 0.658%0 01> 0.8%03 150.32/123
6 (PKS2)+ 2.2704 85159 61.6715% 0.56710002  6.370%  0.648F500T  2.5T02  105.01/99
6 (PKS2)- 21702 76157 4714507 0.568 000 56705  0.647T0000  2.2704 102.67/99
7 (PKS1)+ 3.3702 48712 65.77120 0.57410008  5.970%  0.65570015  1.3705  103.11/86
7 (PKS1)- 3.3705  4.37) 49.8710-3 0.57470000  5.370L  0.65670055  1.270%  100.19/86
8 (OFF-FIL)+ 29704 7.07}3 23.97%9 0.56670 00  8.7707 0.653T0007  2.8%07  147.35/118
8 (OFF-FIL)- 2.9%54 7.971% 315739 0.56675:051  9.9707  0.652F5:05¢  3.1709  150.48/118
9 (ON-FIL)+ 53702  2.8%0¢ 9.9752 0.56470007 527075 0.66015000  2.1F03  117.05/113
9 (ON-FIL)- 54152  3.075¢ 12.7732 0.563T5:002  5.970- 0.66015 000 2.3703  118.57/113
10 (HL-A)+ 50105 51507 16.6727 0.56470 007 4.970%  0.64670007  2.0707  135.00/111
10 (HL-A)- 49705 51133 10.8%573 0.56470501  4.270-¢  0.647T0007  1.8T0-7  134.35/111
11 (M120ff)+ 19702 3.0721 27.312% 0.565T0002  4.6102  0.662T0515 09703  78.83/85
11 (M12off)-  1.8%04 27721 21.2+4% 0.56570001 41792 0.6627001  0.8T03  78.31/85
12 (LX-3)+ 89705 8.0 14.5755 0.5707050%  6.470%  0.65475:09¢ 24709 207.44/192
12 (LX-3)~ 8.710% 64779 10.2739 0.5707000%  5.670%  0.655T0 000  2.1707%  206.41/192
13 (NEP)+ 3.070%  13.7713 29.6755 0.56810007  9.070%  0.653T0 0% 3.4%03  165.59/116
13 (NEP)- 3.070% 134777 28.875% 0.56810007  8.9702  0.6537000)  3.470%  164.66/116
14 (NEP2)+  3.6705% 95730 275752 0.568T0 505 7.3717  0.65470008 31107 56.93/51
14 (NEP2)- 3.570%F 82727 21.615% 0.568T0503  6.5T18  0.65670007  2.8T0-0  55.44/51
15 (LL21)+ 45105 83713 27.1178 0.570700%  6.4705  0.65270010 22702 103.91/95
16 (LL21)- 46708 7.2718 20.915-9 0.570T0-00%  5.6105  0.652T05%  2.0707  106.30/93
16 (LL10)+ 2.670°0  1.6707 10.6122 0.55470018 L7503 0.642700% 0.5 80.49/97
16 (LL10)- 25706 16707 91753 0.554T0618 15702 0.64270022  0.5T03  80.37/87

& The absorption column densities for the CXB and TAE components were fixed to the values tabulated in

Table E.2.

b The temperature of TAE and SWCX+LHB components were fixed to the best fit values tabulated in

Table E.2. The O abundance of the both components was set to 0 in the fits.

¢ The unit is phtons s~ 'em ™2 keV ™ 'str—t@1keV.
4 The emission measure integrated over the line of sight ,i.e. (1/47) [ nennds in the unit of 10*em=5 str=?.

¢ Surface brightness in the unit of LU =phtons s~

1

em~2 strl.

f The centroid energy was fixed to O viiI Ko line energy to obtain the upper limit of the intensity.
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